
rIhI lllllt

RADC-TR-89-67
Final Technical Report
June 1989

0 OPTO-EM AND DEVICES
L INVESTIGATION

Parke Mathematical Laboratories, Inc.

J. A. Adamski, J. H. Bloom, H. J. Caulfield, J. J. Comer, R. S. Kennedy,
J. D. Kierstead, M. Salour

DTIC

ELECTE
NOV24198a3
B

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.

ROME AIR DEVELOPMENT CENTER
Air Force Systems Command

Griffiss Air Force Base, NY 13441-5700

89 J1 21 127



DISCLAIMER NOTICE

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY

FURNISHED TO DTIC CONTAINED

A SIGNIFICANT NUMBER OF

PAGES WHICH DO NOT

REPRODUCE LEGIBLY.



UNCLASSIFIED

S CURITY CLASSIFICATION OF THIS PAGE

Form Approved
REPORT DOCUMENTATION PAGE OMBNo. O04-018

la. REPORT SECURITY CLASSIFICATION lb. RESTRICTIVE MARKINGS
Unclassified N/A

2a. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT

N/A Approved for public release;
2b. DECLASSIFICATION /DOWNGRADING SCHEDULE distribution unlimited.

N/A

4. PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)

N/A RADC-TR-89-67

6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION
Parke Mathematical (If applicable)

Laboratories Inc Rome Air Development Center (ESOP)

6c. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code)
I River Road

P 0 Box A Hanscom AFB MA 01731-5000

Carlisle MA 01741

8a. NAME OF FUNDING/SPONSORING 8b, OFFICE SYMBOL 9. PROCUREMENT iNSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)

Rome Air Development Center ESOP F19628-87-C-0155

8c. ADDRESS(City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT TASK jWORK UNIT
Hanscom AFB MA 01731-5000 ELEMENT NO. NO NO ACCESSION NO

62702F 4600 19 64

I 1. TITLE (include Security Classification)

OPTO-FM AND DEVICES INVESTIGATION

12. PERSONAL AUTHOR(S) J.A. Adamski, .-j.H. Bloom, H.J. Caulfield, J.J. Comer, R.S. Kennedy,

.D. Kierstead. M. Salour
13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) 15. PAGE COUNT

Final I FROM May 87 TOMay 88 June 1989 134

16. SUPPLEMENTARY NOTATION

17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identiy by block number)

FIELD GROUP SUB-GROUP Indium Phosphide, Infrared Device, Electro-Optic

17 02 1 Substrates, Single Crystal, Optical Signal Processing

19. ABSTRACT (Continue on reverse if necessary and identify by block number)

1. Synthesis, Single Crystal Growth, Purification and Characterization of Indium

Phosphide

2. Deposition of Select Silicides Under High Vacuum Conditions
3. Use of Electron Microscopy as a Tool for Identifying and Evaluating Electronic

and Optical Materials
4. Use of Fiber Optics and Communication Systems (IROCS)

20. DISTRIBUTION /AVAILABILITY OF ABSTRACT "21. ABSTRACT SECURITY CLASSIFICATION
WUNCLASSIFIED/UNLIMITED 0 SAME AS RPT. 0 DTIC USERS ,Unclassified

22a. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (include Area Code) 22c OFFICE SYMBOL

Carl A Pitha (617)377-3488 RADC/ESOP

DO Form 1473, JUN 86 Previous editions are obsolete, SECURITY CLASSIFICATION OF THIS PAGE

UNCLASS I FlED



101 co 1 se ma soch.,setti -( 0741

FORE WARD

Itis - e"iOv ic1 t re A rrnu a I ,-I nt I1 Io Lr-nl rt f 195728-l

I7C3'5 '-over i nq the per- i od -9 TY 1 I L _tiq~~ I Ma'/ 1 I9UP8

t CoviErTs I h2 iveS t i jlt *I t t for I dfe-s I! I rU t' L- I cC r

1,1:iteri 1 Aid Dev ice I nves t i qat i _,-.

1 he fc, I I ovi ng jr-d Iv I duai 10 n tt 0W "r, Lc)' 115 rep-1r t-! 1 if

te r E. C) -t S

Joseph v4. Adamsi- P,3r -~ rt 1i I Labc0 :t(I r ies fPML

Jerome H . B Ioorn - Ccnsu It o-t 1u F,

H. Joh ) Cauifield -Cr~j ~~t

Josepr, Corner consultmtlI '

r- o h er t Ie nle d v C £ors u 1 t, -f, I 0 "

Jochf)n I- lt-rstead -Consultant t o PHIl.

rlt chae 2 Sa jour -Consu I tant to PM1

DTIC TAB0
UtaLnnufled 0

Juittai~~~-

AVa 118bilit? _C008

Dist Spoola).



Is parke mothematicol Ioborafofnes, ;nc
co~file, - a~~set i 0741

TABLE OF CONTENTS

Pr- et ace V

rSECIIUM 1: S5ynthesis, Single Cry'~tal Groo;th of

Jndium Phosphide-Single Cryl~tal Grow.th
and Feed Preparation of SrTiOJ, Super--
conductors (J.A. Adamski)

'-ELa- I ON I I Yi Technicqu- KJ.H. El-

SECTION III: Fedm-ing Ambiguities Using Neural
Net.'jiks with Mure Than Tw~o Hidden

I (H.J. Caul firId ) 3

SECTION IV: iiotc-ials Lvalu, t~on Techniques kJ. Lmr

SECTION V: Fiber Doptics in Communication- Svstemc
(IROCS) (R. Kennedy)

SE(-- rI ON V I beelopment of [Efficient High Speed
\01n111n1ar Optical1 MaterialS that prt
at Pplatively Loi Laser Inten--,ities
(J. ?Kiens-tead)'3

SECTION VII: Dptiu-al Signal Processing in Nonline-i,
Pot',mneis and Other Materials (N1. S31oui I

I V



rhis report is composed of yeven secti,,,,n. It provides a summary

of work accomol ished under this contract in se,eral diverse arnal:.

of optical transmission, materials ,rccesio. Ihe areas

ic-c lude:

1 . A description ia, given of the> per-irtal p-oaram on th-

synthesis and single crystal growth cf ii, Vnm phcn=phide. Ihe

w ork is directed toward developin g a s ce .t-1-. ko ph.3a e

ro cess fo- the synthesis and sinole cr'-t31 Qroowth of the

material. ,'. detailed descriotion of t,-. ' , i( L i 1 kjid

tncapsulatc-d Czochralski is given twcc w I eI new ele t (1-

m-rgnet ir tc produce dislocation fr-ece It 4 ,,,t 3 I1 5. *Ls ,

,11 escrip'ion of the flame fusio , fu, !cae q iven' with some

details in an attempt to grow superconducti,,g materials and

Strontium Titinate single crystals. A recipE ias given to produce

strontium titanate powder to grow these Sr1iO- civstals.

ii. Device processing techniques Lo.erinu the use of ultra high

vacuum deposition system for evaporating a dielectric layer ol

silicon monoxide. This section also includes a disckission on the

use of an ion beam implanter for forming special buried layers on

silicon devices. fhe extreme usefulness of a residual gas
/

analyzer to deterfiine gas species within the vacuum chamber is

s£hown.

Ill. Materials evaluation techniques under the general headiniq of

9 electron microscopy. This includes the following methods of

analysis: transmissioA electron microscopy, scanning electron

microscopy, electron beam channeling, electron diffraction, and

energy dispersive X-ray analysis.

11. A description is given regarding ronnectirnq a two-hidder-

lA/er neural network through an intermediate multiplicative laT

mhcwincn that it can yield full or partial disambiui:iteS of

V
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result- frnm a sinQle 'taditional'  neural network.

V. L.maunication security nas been achieved in fiber optic

communication systems (IROC) by ensuring that any undetected

intrusion will deliver so little power to a potential intruder

ti at no usettji ififoi mstjin can te extracted from it. Work ,ji- Ir.

the past year has been concerned with determining the! user

performance ir intrusicon resistance that can be achieved using

the modulation/coding method.

VI . Photorefractive and -esonant nonl inea, opt ical interac tioi-

are being studied. Resonant interactions are the most prc, nI--,-i.

but have beel diff icult to study in detail uecause of boae' i,,

mechanisms that a, e p-esent in most material, fo(- example -,- ,stal

fields in solety and : I(.) ison7s in "ipo,-s. Tc, el ix,, ate t-t,

compl ications tle fnnl inear optical propert ies of an atcmmc bear

-Ji ilI be studied.
p

VII. In this i-epi t te eq,jlirements of noni ir,eat opf i C

materials are d usscd and fundamental limits a'etnred Lit

particular iTter-est 1 e a n)[w class of materials based on7

nonlinear nptical efftct. in polymers.

Vi
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J. Adamski

SYNTHESIS OF INDIUM PHOSPHIDE

The TRICO furnace was down for several weeks during this

reporting period because the automatic pressure control valve was

damaged due to an explosion of at, indium phosphide experiment.

The motorized valve was sent back to the manufacturer and

completely overhauled. The valve was returned from being

repaired, the automatic pressure system was re-assembled, and

tests were conducted to check the calibration of the system.

The TRICO furnace is in operation and synthesis of indium

phosphide at high pressures has resumed.

Several synthesis experiments have been completed and all

were successful. Synthesis of InP has been temporarily

terminated, as the present effort is towards accomplishing in-

situ single crystal growth. The in-situ growth of InP to be

performed, using a new Magnetic Liquid Encapsulated Czochralski

(MLEC) furnace (shown in Figure 1) will accomplish in one work

day (8 hours) what now takes approximately 3 days (24 hours).

This method will eliminate most of the impurity problems, as the

crystal does not require all the handling operations needed to

prepare the synthesized ingot to be used in the height pressure

Czochralski furnace.

The synthesized ingot used as feed material in the high

pressure Czochralski system needs to be cut into pieces to fit

into a crucible. After the pieces are cut, they must be

thoroughly cleaned, acid etched and rinsed with P.I. water

several times. In handling these ingots during the cleaning and

etching operation, there is not guarantee that all the cut pieces

are free from contaminants. Conversely, using the Czochralski

in-situ technique, growth is started using the raw high purity

elements (In and P) to form the compound (InP). These materials

are placed in the high pressure Czochralski furnace, and if

successful, the product will be high purity single crystal InP.

thus, synthesis is accomplished in a similar way as the synthesis

in the TRICO furnace, but the hich pressure Czochralski furnace

1
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has a pul Ir1g mechan IEm i r pOrtrd irrp- u, t t 1 tU-. E ,

allows a seed crystal to be attached t ,) tll cnd. [he seed

goes down intco t he multen 1,F th i-. , h*; t h.Elir fnrr'd thrcuuh,

an IT )ec t ion process. By Mal -) ta r in *.- I , , f' - MeL t

temper t ure,, rren1iscus forms SroA ,d ict-, d I '-- :-. 1 , 'r.'c, by

Aot3! nu a.id pul i ng the seed c ,--t 0 ;.f t, f-- I t k,J,,t, ti,-

pull rod . one car) achieve si nq le T t 1,jt r tt i lr11 c' .

-- ocdur e.

N-S[TU PROCESSI NG

1n-situ proce-sI ng for com? 'n q r h i, in sd i .- I i hCmin

has several advantages over corD.T T) ,,'ii A ac tcr . ire i i ,i

is 1 aded ;it o the MLEC furnace. -a ed T s- -tpsu t (-,, i I

B lc:.( ye ? shows the seknei ,:n =  inf - :eit L C:'-c,hcris

the irdiul,7 thus producing I nP. K* i i c A i e-. i or oiaded vi i t

t Iqh pui tv elemental phcisphoru. s- how, n .i 3) -a loi~er,-d i-,t . t re

monI7Ltein indium ( T=I 18 0 0C) . A self cor;tro t ..I Lf t i, o(.-cu rs ,

-he P is heated and is convected into tie mIteen indiuo where i t

-eacts to InP shown in (b). After cormplete reaction of the em-

mefits , the injector is removed from the h-t z,-ie Iucat ion ari a

s:ngle crystal seed is lowered into the JF' meI t "for LzochraVI)

growth shown in (c) . At tnis t ime, ti-, . ,(i. -, f ieId st.e7rint

electromagnet is turned on and a single crystal of approximatei.

40- grams is produced. There are no inte-mediate steps for

clepning and etching of pre-processed InP, therefore this InP

will have fewer opportunitiet for cc ",,-.w'n.

Currently, ICO grams of P is being injected into 300 grams

of Indium in the new RADC magnetic crystal furnace. This process

can easily be scaled up to several kilograms of InP.

The first in-situ injection experimont was incomplete,

because the injector was not adequately heated by the radiated

heat from the crucible and susceptor. To remedy this. a new hot

zone was fabricated that decouples the RF induction from the

a.ial position of the crucible. An outer nuscepto, sleeve trt

Is fixed in a given axial location surrounds aii inner graphil

redestal arid crucible. The inner assembly ran, be priorcssecd ,,
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10M CII. 0c c

d- ,, to <r1 , t ts pos t i on i o .i' j
nie (en -;rt t-e, it i )g of the F 1rj 1-, -J o ~ i P! c E-s I

pr- nlems r ier!COLJnte:-ed , ; , , t th i s r iew

t, -~h I () ; ] Il ; F C C v f I ,T ., ,r q i. C,. n c:Vs- ; i ,( f } I 1 , I-r t ,

;' i i.,"', b, t -ne vie re u nab le to in 1 K -- tn ,i ( l' t '4

[r--rori . '- ed;d to obtain of Ir, i . t I

'J- IO n ,e l ;i nc i t a p r 4,,r Edc I ,F '-,', t

ef trip I I ecctor. f t was drcuriF''1r 1

K'0 1 C r, a 1 I t t I e In n -q e r tc m ak e*-'

0, - t ,ad coone 1 nto the mool to' i1 '..r . ' .-t I . I ,

th~e tor Zc;,e ton bong, cauoin r t ' ' .i5'a t; t,. . ,"' . e .

- . : ' f I at. I m7 pi oh'I ~m I , , ,, ' ,-- J 1 , J. k

I ,n I ,I Vt- rF o_, LS tO e ipi , . iat i, -- f ( ,,

e , By osino the oho _ptc, U te melt. f e I 3L, ,

syst em beca en r:eted with te .:< . eio .re 1 or,: frr T ,

, f1 ,: Ile , ,i'- , i f c, I -d b ,-a f 
-  

p] Iu ] , . 1 . . (-jlJ,, t I , ,,

.;t h t'v / n',.~ pt, iO¢ \'apOr -rd z , ' ,. ' I U I ,i t6LL t'JE.V a

Tummy su s 3ance and the who I e fur .c e s.. _-I*l, the ,i eo ,uv e

i nes nad to be taker- apart and cle-,,-,cl ' orouli u y. D -Ir 1 fiq

I lea,--up. ,man n-m s I outbuc t of t o L ' . c'Ud n * tauJi1i a

tremendous imn(jti r, of smoke.

.fter the clean-up was comnI-tec. t, appo atu an

cc;mpletely checked out and a simulated e'er iment was corducctr'.

Se',eral e.,.perime o ts were compIet( si,. I-ifIer-ent types of

ins ulating materials at the top ol the I-r t I (I I p, event heat

loss. None of these materials were sa'i'. - t t ', (qu-, tz, alI i,'

and fire brick). A new inoulati2 z ap 1o 1 11 1 de .i eQ i nd

fabricated (shown in Figure 3) to fit rc the top of the qua, I:

I, jector to prevent heat loss. T t;1' s. " i: al ow Lrorer eat I11

of the ohosphorus and injec tor di r i te i t ) pt k o ',s and

complete reaction can be epecter' ''recI,,rt I.1 t I Oeti '

exper iments shows that only 50Y . t e , c'- Ir u,, i- b( e.

1n ected into tne molten indium.

For the grcowth of InP single r r-stil- e V.- lut ;' cet, n

t qu d t) c Iapsu at d Czchraisk1 ( mt'''' ": e-mpte.

"ated hi tic, tr -e - al ' , hi-,' on. ,- I . ' !!,, ,<
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_Lit, t:at P -iii be cbt_;in& d.

r te h . y s a I g rro w t-hI o f o IQ (-j 1 c d< , C) I it

i'- imr o i- t a t toc ±p p r eiss t he d i s,,n c~ c, t i f Q uuon t- ee rl rt ,

whjI Ch h &. ,e -- Ih cI S -. C E_13ti L I - u - th E re Itu' , I -)t.

T S~ ,-j c E tlcCjI p r-r? -_U re E F- P t I ',I~ i:oui lt(f the I'

Cr sta 1 1 2~ s '5 at~ioisphe -r-,- h'u o I tde ~a t

lu e 0f '~ f D a A st al I > t.. 4este

isniatico of P. loP r rysi-als ar uloui tt- iFa7h aliquid

e nc acsuIa t ed U- .1 -; Pr cav/es iiC f- +~ lu 'c C d _ic! -

pretrFof ~ inert gas.

rfa 3 oa 1- ir blIe m i n th v q o i.-h C rjal- V'c vt -3 1 F 1 thE?

Q e 0- 1 C 1 k tij Ti k Jrli no, A) ic h -3. tur 3 - i eE~rt I. I bi u i

uth Il o p'ud suh3~iTd Qa' IC,41 )I I

-'cnqasnot et zlear . P-owever , '-cve, al *,< meiital method,_ +

prevert 2 t have been examined,. and i t ba:, teE..i f cund tt133t

tvii rni ng can be reduced by one-hal f to or- t!)i .d i f the folIlotw ig

quidelines are followed.

I . Use stoichiometric IloP BS the Sour e .

2. Suppi-ess te *,erature I luctuat iotis at the crys tal -melt

interface.

'3. Use F3,O- wi th low water content.

4+. Keep the B _O- i n a c lear , transparent condi1t ion,.

5. Real ize -A~ mel t-crystal i nterface finnf uf i 1puri P-,:

such soxides.

6. Make the melt-crystal interface conve-w with the melt

side concave. Control this shape b-y chanoing the

pulling rate and the rotation ra=te.

7. A-void decomposition of phosphorous from the surface of

the pulled crystal by keeping the sur-face temperature-

of the R-0 layer dowin at 600- ?uW'L"f.

Indium phosphide is a strategic opto-e-lectrunic material.

i'ie crystalline quality of the MLEC inqots 1ia directi\/rlae

he purity of the start ing materii ls, and tho suLbnequeyit hand ruii
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of them throughout the processing sequence. Figures 4 and . ae-E

InP crystals recently grown in the new MLEC apparatus. Figc-e 5

was the best crystal grown to date. It was grown at full field

of the magnet (4.0 kilo-Gauss) and was better than 90% single.

Only marginal twinning was observed. The growth rate of the two

crystals was approximately 12mm/hr., the diameter was 50mm and

the lenoths were 8cm and 5cm respectively.

MAGNETIC C2OCHRALS5KI CRYSTAL GROWTH

The new magnetic crystal g owth svste,, sihown in F iure I i

now completely assembled and in operation. Eeveral te,;ts wer.

conducted using germanium metal as feed material to grow o3o-ile

crystals. Germanium was used in the initial testing phase of the

s.ystem, as it is mucn easier to grow single crystal of this

material than indiim phosphide. Three experiments were completed

using germanium. One experiment was completed where the german-

imm was doped with I percent gallium. Figure 6 shows three of

the germanium crystals grown. 1he crystal on the left was grow,;,

with v(ery poor coll'nf-Di ,,f the 50kW-4i50kH RF geneator.

Time was spent t,, design a better control s/stem for the PF

generator to the hc-af ir coil inside the MLEC growth chambe, .

Omega temperature coitroller was slightly modified and an RR

pick-up coil was usen. ;he crystals in Figure 6 that are ShOwn

in the center and to the rright were grown using tils ne.j

ature controller. A iurth crystal, (not shown), d-, _..i with

gallium, wois grOLw, i1 An ,L:tomatlc control mode _,,d ,tc pi oblems

were encountered d'iiyr iT the growth time, which was ipproximatel,

six hours. All four e .je :ments were completed using the

electru-magnet, Ihr mo r1,e ttic field used was approximately I .P

Si I -Gauss .

(ine expei imurl iI C1, , ,n InP sinqle. Crys ta: oeed wo3

completed in1 -iii~r) to qjrnw a 7single cr ystal of iyv.tt

ptosphide. he w ow h (Aambr-i () as presquI iied to 5Il v. Sig -od

this pressure, w , ,istaired throughout the growth period. Ihe

indium phosphide c!,, ge ,-.iqhed 36() grams and boi on oKide wa-

used as the eaiJ .V,, to prevent the phosphorus0 fror dis-
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associating from the indium. The electro-magnet was turned on

after the crystal was growing for approximately two hours.

During the next two hours, the magnet was turned on and a

magnetic field of 1 kilo-Gauss was established. Figure 7 shows

the crystal grown in the MLEC apparatus, which is the first InP

crystal grown in the new furnace.

Magnetic stabilization will permit controlled growth in

lower thermal gradients, which is expected to translate directly

into a low dislocation product. Furthermore, the magnet'-

stabilization will reduce the magnitude of impurity striations

and increase the yield of twin free crystals.

The InP experiments include encapsulation with Boric Oxide.

This molten glass is adversely affected by water vapor. There-

fore a pre-bake cycle to clear the graphite susceptor of H:O has

become a part of the growth routine. The silica crucibles have

been optimized for InP charges of 500 to 1000 grams. The first

InP growth run was conducted with 360 grams of presynthesized InP

from the high pressure growth runs (TRICO furnace).

The goal of this project is to establish the capability to

synthesize and grow large diameter InP withi 4.3 kilo-Gauss

magnetic stabilization. The magnetic field will be modulated to

control the diameter of the growing crystals. Ultimately, an IBM

AT computer will control virtually every aspect of the apparatus

(including four motors; 50 kW, RF power supply; 50kW DC Magnet

Power Supply).

ELECTROMAGNET

A number of experiments were planned for the growth of InP

during this reporting period, but a problem developed with the

cooling system to the electromagnet. It wasn't until the magnet

could safely operate at full power that the overheating of the

copper coils developed. The manufacturer was called in to

inspect the plumbing and water flow drawings. It was discovered

that the designer made an error in the design of the input and

output with ports to the separate windings. The copper windings

through the center of the magnet had no water flowing through

11
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MLEC Grown InP

FIGURE 7
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them. The water flow pattern was corrected and the magnet can

now be used at full power (4.3 kilo-Gauss). The specifications

for cooling this magnet is to have a constant flow of water at a

rate of 10 gallons per minute.

SUPERCONDUCTORS

Superconductivity research within the past few months has

exploded because of new theories and "warmer" materials that are

based on oxides rather than metals. Attempts to raise the

temperature at which materials become superconducting have so far

been promising but inconclusive. RADC/ESM has embarked on a

program recently using yttrium-barium-copper oxide. Several

pellets have been produced using various techniques, and when

placed in a dish containing liquid nitrogen, smnll magnets

levitate over the cooled yttrium-barium-copper oxide pellets.

This testing procedure has become a basic test for true conduc-

tivity. The expulsion of magnetic flux from superconductors is

known as the Meissner effect.

In discussing superconductor materials with the RADC

scientists, it was suggested that a flame fusion apparatus, pre-

viously used to grow rubies and sapphires, be used in an attempt

to produce some of these new ceramic oxide materials. Everyone

involved in the discussion agreed that this method of crystal

growth should be incorporated in the research program.

Figure 8 shows the flame fusion apparatus, invented by

August Verneuil2 over 75 years ago. It has been used fG.- the

growth of sapphire, ruby, spinel, rutile, strontium titanate, and

other refractory crystals. The process consists of feeding

finely powdered material into a high-temperature flame produced

by oxygen and hydrogen. The flame from the torch is directed

downward at a pedestal or seed crystal and growth is initiated.

The powder particles are melted in the flame produced by the

torch and fall upon the seed which is placed in the lower part of

the flame so that only it's surface is molten. As the melt is

enlarged by powder dropping on the seed, the pedestal which

supports the seed is withdrawn slowly so that the position of the

13



I 0I park* maothematical laboratories, inc.
Mcoariise, nasso chusetts - 1741

WATER IN -F=- GAS IN FROM SUPPLY
____WATER RETURN- 0202

WATER IN I

Ll 02 .2 0,

RETRCT*% RAT

. AS

T&I N .cl

FIGURE 8
14



*1 pork. niotherntco! Iobotot-oes, inc
M~ cc, f~e, .. - chu.Wt, - 01741

I 1qLi a- crysta1 inter-face is ma 1,1tuair . - K( .ir ,t a:t lOvE-.

"metho - al lovs refractory :- stalc, t. L Li ' -jc i ,t temperatures for

t-ihi-h cL ruc ibles are ei ther non-ex I3tcrlt i Lll.t i ofactor y. Ilhis

technique is used to grow single cl . 4 . ,t,. r 1,s vJhOne mi- t Incj

temperatures do not exceed H4+) 0 C.
A devi(F: h ai bee nIfleC, ted -e: r, v, , tc7d fl -)j cf

car rier gas (oCygen) from the norm.il t , Vdtte', of a cure

, iona1 Verneui apparatus, which ,ns a ,:,c, p; ocess anA Cr-

system. Replenishment of the feed r-, -to:. con I ;)L
,  C(-UoM31 I e,

thIs al Iowing growth of unusaIl- [a - o Cf) ,t Iytq

compzsit ions."

Seve-al attempts (6) were -, ,Ie qv -3 1w t e eut 1 r:'nouc toi

-ater -i (Y a; 'Cu-,Q. ,.0 us ig the fI ruorc.. . -,tu,. rv.,7-,t

Irems were encountered in trynq to, e%2 a i I s!) thie qasi filow r at.--

lox gen-hydrogen-oxygenr) to produce th.- p, opel U a me t emp(-ra ttIre

needed to melt this material. In the berpir i--rtn the temper atire

was too hot and all the barium and c(,pp(i Doide ,olitized. [Jpn

examination and characterization, it jas found that an yttrr im

oxide crystal was grown. There wa_; no tr ace of bar ium o- copper

in the crystal.

The gas f low rates were charged to produce a much coo le-

flame and several samples of the desired =ouperconductor mater 1l

were grown. Although these crystals were not satistac tory Foi

testing using the Messnier technique, ttey were of the proper

composition. New powders that have better flow chaiacteristics

and small particle size are being produced and this should male

the growth of these materials more desiiable.

STRONTIUM TITANATE

An interest has been shown in the laboratory to grow single

crystals of strontium titanate. It has been found that the new

superconducting ceramic material (YBa,-.Cu.,O.. ,) is of the perov-

skite family as is strontium titanate. Beinn that the crystal

lattice of the Y ~aCu-...... - is the same as strontium titanate,

fhis latter crystal could be used as a substrate to deposit thll5

e,, material onto, from whic~h devices coil)i be fabricated.

15
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Several expernments were conducted in an attempt to grow

strontium titanate using powder purchased from A.D. MacKay

several years ago. This feed powder has not produced a single

crystal of good quality and does not have good flowing charac-

teristics. An attempt to prepare strontium titanate feed powder

in the laboratory will be made from a receipt found in Technical

Report 178.' Expe iments to grow these crystals will continue,

as there is no known source at this time where these crystals can

be purchased commercially. if the yttrium-barium--copper

tupe.conducting material could be successfully deposited onto 6

strontium titanate substrate, it could be a tremendous

hreaLthrouoh i- the electronic device industry.

PREPARATION OF SrTiO3 FEED POWDER

The apparatus used to prepare the SrTiD, feed powder t- be

used in the flame-fusion apparatus is shown in Figures 9 and 10.

The powder was piepared as follows:

177 g. of oxalic acid (C;O,H.-2H;,,O) was put into the

constant temperature (jacket) beaker and 320 ml of H: O vjas

added. This was stirred and went into solution at the

higher temperature.

40 Cml of TiC., was added slowly to 121 ml of H CI into a

250 ml beaker. The beaker was in an ice bath. The 40 m c

TiCl, was contained in a 50 ml graduated cylinder a' d r-i

was added sioply to the 121 ml of HO.

152 g of SrCl,-.6 H 0 was placed in a 1 i iter Veaker. To

the SrCl*.6H, U was added 590 ml of distilled water. To

theoxalic acid 5(olution at 70OC, the solution contaiiring the

TiC,, was added. 1he solution was slightly yellowish. i

certain amount of time was passed so that the total solution

was at 701C. Fn this solution of the oxalic acid and Til.,

the 590 ml co,-taining the SrCl;.6H 0 was added. A white

precipitate dime out of solution. This was stirred for

approximately 2.5 hours at 700C.

The precipitate and solution was filtered by stict.on as

showr in Figue LO.
jf
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1he S- r if vj A ashed t-.ith approximate1., 6- / te.- ci

distilled water. The precipitate was dried overnight by

sucking air through the filter containing the SrTi0,.

White finely divided SrTO, was transferred to fn(ju,

zirconic crucibles. The crucibles were put into a war- ver:

and allowed to sit at this temperature for I hour. After

this time, the temperature of the oven was set at 10()()O and

appruximatel,, / hours later , tte oven was tui ned .n).f T t

Sr TiO powder cooled to room t errper at ue , a ,o. a.

to be used to qrow single crystals of .%rTiC

Ten e.per ime-ts were completed in an attempt tc c,-ow r,rO i

crystals of Sr I i .- Sever al r-',stals qrow!-, prodUL ed I , ge -

whe'e substrate i i11 be cut so that thin films cf cer-mic s.' -

onductov mateir il , .ir he deprisi ted oi, the , T

Figure I I is a scl, .mt ic diao-am of the oxy h'yoro E-n tc:,rco .. de

to grow the SIiU minle crv&,tis. The f lame-ft.,sirn- amua-

used in the present study is that of J.A. Adamsk. n, a pe;er

published h, I.lj. lh-dnor (-t 31'' was studied to Qet -4 tette

understardirvj ol thc. (iroethi conditions needed for rerrcucir :n

production1 o St fil, .__r,,stals of optical quality.

Stront. i um t it i,-,,jte- ,tbstrates have been shoi,, ' i, L,, ,

attractive 3u. tI> tH lor the deposition of thin films -,f tre-

current super,-'iu l oc :,. lie program currently undertiav I15 to

in vestigate and de..elI(. the flame-fu .S ion tech1ique to I - " I

substrates of sty o nt ium t. itanate. Emphasis has uee,, -0.ce- L:r

the two following ,-3peLtF- of the Figure 11 prepp, atic, : I . Th

method for prepar iti o of the feed powder as desc, ibecd aboe, ar.3

2. Determination ,-t the Ilow rates of hydrogen and o.'oe, :r the

flame fusiorn Ipratl. The results show that if the

precipitation o T,, orjndertahen rapidly and the Ji-iei]

powder is aged, A yF.,jter proportion of the particle Size i1

between '-i.()74 and m).f4,4 mm. Ihis particle si ze has be',n stro ,i t,,

be necessary for thiE p,-eparatio, of" single crystals of strcrti m

titanate. (,t I, o. ineen qr-own wifti an on'idizii,, I vIle

(H./0.-I). Slice- ot the boule show that single ci vstal r-'t>

of SrTi(], has he , )vt.oi ,fc.
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Work is cont inuing to determine the optimum parameter for

the grow~th of single crystals of SrTiO,, by the flame-fusion--

technique. Also, the MLEC system is back< in operation and

sever-al experiments have been designed and w~ill be used during

the next reporting period.

SUBSTRATE PREPARATION FUR HIGH To SUPERCONDUCTING THIN FILMIS

Superconductors wijth transition temperatures above that of

liquid nitrocien have received an unprecedented amount of invest'-

uiation since their disco,/ery. These superconductive materic~is

have been predicted to revolutionize transpot-tation, electri~ai

transmission, magnetic instrumentation, and micrccircultr,,

micioelectronics and hr/brid optoelectronics). The immediate

application for t-hc-se superconductors w~ill be realizeI irn + e

area af conventiofril semiconductor electrur.c-_.

The application o~f superconductors in electronics nece_ Si-

tates the developme nt of techniques to Prepare thi n films C~f the

superconductive mterials. Various approaches for the prep;arfa-

tion of the hicub lr (critical temperature) superconductinQ -ilrns

are currently urv-ro.o., e-h~eam evaporation, single tacit

magnetron) ,pul-tet lrq, m,-inetron sputter-ing from three retal1

tiirgets, laser- dEjj~LI~-itio a~nd molecular beam deposi'icIT. IhI

tIlm dpsto l-.]iLIEid Stubstrates that ate compdtible? ocit t'i

',urper-cciridurtrjr [o iru~t~,/,i -. 1) same crvyhtal s*7T f' i

SI it h in at -h ed la 1 1 1nstE'r sz I im I r the ,a ,*375i

,ii)cloin (), /+il II 'n ~ '.' o E.,h,,it tins mrr- I *.w

s t tr ItP, Ir _- t ,-' .tpe, ririduc i I / L tri n fi1 ir.mo

rP I- tot jit h, h (i-o--' iii t iitec to develoc t ire 1 - t. i.a

e ( hniq~ I q, u t,,, ()tt Qf 51 no c Cr s a u St, - ,,

ItI faae [tc- ~ a cppar-atu, uised Ir tI-e oe-sc-nt c:-:

I -, It hat i f -]~ . - ' I.I Ih I E Ir _epar-atic 1 (_II t I F =_ rt ,_,

tilannate feed-C Ic e :j -j I . The grain si z, -ms t I-s

ILI .. i tw IDII 1-c ' 7' ttrd t'y the at; h ' UJ - C'- ,Ei
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hi anni-al r tport is divided into twio sections as fcllowB:

Se,-t ioni I ci i suscses thp procedure for acqui rrig a g..ii del ne

foi a "iiormal " reference for residual gas analysis.

Sec tion 2 co'.,ers prubjl'ems viith system #2 and gives a

d1T!LU'-SsiOn Onl a COMP a 1Sun Of i rid ium si Iic ide and p Iat inum

s iIir i de phoctod i udes .

9ECTIOUN 1

I his -,ec t ian d i JTO the pro cedure f ur acq iiIng a

guidelIine f or a "(or mclI' ref erence for residual aes analysis.

he instrumentat i-o- usLed is a aluadrup le mass analIyzer. T fd-e

inc-truments display 'Fj~-cti i. to mass 100'. In oulr n-Ormal opcera-t lon:

we checA gass'es to, 01-5 '50,* as the systems, when pi ocessed =iiI-

nor-mal use, have ru ot Carlic ;esidue that aiec detectable. Vn-ri we

rE~eeiC the q is aiiil\I N/ head vwe al1ways bak~e them wi th the heatec

to eliminate the , crtidual organic cleaning agents whic-h tArE left

on) the head ass- mhl y

In the dirc ~uns that fol low. ref erence w-ill1 be made- to

three ultra8--high wn msycStemTS. System I is a \ar iain systerr

mainly u-.ed at th: timTe t( fabricate iridium sulicide. £~e

is a 62.sy tlat haL been modified to h.ave a 1Kac Y

~yte 3 ~ilo i F 'ytem tutt w i thou t i ti mr-i i icit in 01 a

osnd 1 cn- .

F ir~ur es -'-f - I i C'f the r-esi 1duaI g is; c. t sy 5te-,

nvstem~~~~~~ pa.~l ~ u mn ps pme d bi. da Ja-dii

pu tte (.-I lull o' au h ea d i s thtie a id d F,-,. g r t,, ic

an l ta-)cA pprJ at nYAcss 16. FiguLre 1 is a t-11' Qraph o t IE

to 5C,. A lri je iE.,J Q 0I 1-r c spCi fic C M a SS ca 7)(a IiSe a cs P 11 1-- el-

to an ad0 Pi- 1n if. ntw Thc vacuium read in ltp ?L nt a ci C. U-t E

so wD ta I ,ysjtrli r(?ad by an ion clauge. Th)e *.ac .. '

thp c hamtie- I- , I nrc ) aS T- ea-3d -3 ,a ar i an i 10 "

(r nt r cI a'-, i ici th tuLtit- i cu t c d in the ccu a~-

Iqtui e I r.w-,~ n-c t az o)f masi~es UP to a:; (l
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t- am inat o,) rf tn is F igure show, th at T: I -0ve mm r er o mao

to mac.s 2 has oc cui red. The amp I tujde of the bar graph at mas, S

is close tc the nalf peak see,, at P 5 or the analog picturc_.

the peak at mitss 16 is pr imar i y madr j f baf q.gound due to

contamination of the head sensor. (A .iv- de qn ser -,o, has

eliminated this problem.) Figure 3 ei -euLt of increasi-,

tne sensiti 'i tv b,/ a factor o' ten. L ',n ,at in f FouUres 3 aind

shows a small amoun]t cif mass IEd , . to'-. b.; ( '. 11s., 1 j I

prewent is due to methane (CH., ) ; i ',. tm f -a-,ner-t o:Jf

eater W 0H mass 18 oue to water .. pr, (i i ("I; 3,r .. . j?, I'hich

seems to be an anomaly of the hee-sd _ernsr as f luorine. F) wh ic h

so .lId not D e p-esent; and main s 2 ic 1 ue , i ,i trC)je N:. oc-

carbon m ir, ow I de (CO . Exam inat c n of r,. ii. t r ea'e k- CALusEed by

electron bumbardment of the original mate ,l. cr tel if LI] 1 .-,

Il- Is present. Masses P-9 and 31i ariD iosble asotopes of nit-,

ger. Mass 44 is carbon dioxide (CO.).

Analysis of the gas ambient of systEm ? can be done by

examining Figures 5 to 11. Figure 4 is a bar graph of the

spectra. Figures 6, 7 and 8 are analoo snectra of the same qas

ambient. Mass I is spill-ove, from mass 2 which is the main

con(sntituent and would be at an amplitude of 34 on this scale; it

is hydrogen (H). Mass 3 is spill-over; mass 4 is helium (He);

mass 14 is double ionized nitrogen (N.); masses 15 (CH,) and 16

are due to methane (CH,) which is sometimes made in ion sputter

pumps; mass 17 is due to water vapor (OH) as is mass 18 (HO).

Figures 7 and 9, which have three times the sen.ntivity of

Figures 5 and 6, show a mass 20 which could he due to hydrogen

fluoride (HF); mass 22 is unknown; mass 28, which is at an

amplitude of 27 on this scale, is due to nitrogen (N,.); mass 2~

and 30 can be due to iostopes of nitrogen; mass 23 is oxygen

(0.); and mass 40 is due to argon (A).

Figure 9 is a bar graph of the gas ambiernt, at a later dale.

Examination of the analog spectra shows a tvpi,_al spec-tra of arn

air leak. There is a large peak at mass 28 due to nitrogen anl

at mass 14 doubly-ionized nitrogen, high ms, 4 tluje to helim ,,m

'uigh mass 40 from argon. Mass 32 due to o :ve,, (L is also

2)
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present. In a system with a sublimation pump -i reactive gas such

as oxvgen iii that quantity must he prenen-,t due to an ali leak.

LIpon leak checking in the leak checA iode, a small lea4 iJ the

Uass-through box valve vwas detected. lh pres-ure iii the svtem

at th2 time of the leak was 3.0 .: 10 - Torr , vihich is o good

.acuur to achieve in a large bel I Iar svutemr c led b-,

S1astomer s.

System 3 has a R.G.A. C]ensi tie-d c han ed. S i),ce the sel.vzc.-

head had been in air for a time, it wac degassed by heatin. r) ,

the system. Fioure IE' is a bar craph which shows the gases gi el,

off by the sensor head az, it was heated. The iaanufacturer had

obviously cleaned it in organic solvents. Winamiation of the

spectra bv use of charts shovis th t: ,,1a._ 2 is hydrogen; 12's 15

carbon; mass 14 nitrogen doubly-ionoized; ,ass 15 daughter pe i

of methane; mass 16 methane; mass 17 due 'o water vapor; masm 18

water vapor; mass 26, 27 and 29 due to ethyl alcohol; mass 28 is

nitrogen; mass 39 a fragment of DC705, a pump oil; mass 41

Isopropyl Alcohol; and mass 44 is carbon 11o-ide. Figures iS and

14 are analog spectra of the vacuum system after bake out of the

sensor head and the bell jar system. The main constitJent is

hydrogen at mass 2, next is water vapor at mass 18. Mass 17 in a

daughter peak of 18 due to the OH radical. Mass 28 is due to

n: trogen.

Main emphasis has been on establishing a guideline foi a

'normal" reference residual gas analysis for two ultra-high

vacuum systems. These systems are used to make platinum silicide

infrared detectors. Also included is spectra from an ultra-high

vacuum system that is used to make iridium silicide infrared

detectors.

The instrumentation used is a quadruple mass analyzer. The

instruments display spectra to mass 100. In our normal operation

we check gasses to mass 50, as the systems, when processed and in

normal use, have no organic residun that are detectable. Wher we

,,oceive the gas analyzer head we always b3ke them with the hea.,ter

to eli inate the residual organic cleaning agents which are I{ t

on the head assembly.

l l l l l
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In the discussions that fol low, refee'e i I I be made to

three ultra-high vacuum systems. system 1 is a Var Jar system

mainly used at this time to fabi-icate ii idium _<i1icide. System 2

is a G.E. system that has been mudified t, have a load lock.

System 3 is also a G.E. system but vji thout the mndif icatioi of a

load lock .

Figures 15 -18 ave spectr~i ot the i sidual gcvs (f svstem I

System I has a large bell jar and is_ pumped by a Varian diode

sputter ion pump. The sensor head is the cid oesign v hich cgives

an extraneous peak at mass 16. Figure 1 is a bar graph of mass I

t-o 5u. A large reading on a specific m6a ,> Can cause a sp I i-over

to an adjacent mass number. The v cu',ji re-,idin1 is not accurate

so we aliays use the vacuum read by an to , gauge. The vacuum in

the c-amber is 1.4 x 10 1' Toi r as read by Varian ion gauge

control using a rude tube inserted in thFe /acuum chamber.

Figure 2 is an analog spectra of masses up to mass 20.

Examination of this Figure shows that spill-over from zero mass.

to mass 2 has occurred. The amplitiide of the bar graph at mass 2

is close to the half peak seen at mass 2 on the analog picture.

39
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SECTION 2

This section covers problems with system #2 and gives a

discussion on a comparison of iridium silicide and platinum

silicide photodiodes.

t~ys-tcm iiZ:i 1 r- ;:!ral c1crtric vacruum system

that has been retrofitted with a load lock. The '0" ring on the

high vacuum gate seal has a small residual leak. In order to

replace the "0" rin- the load lock has to be disassembled from

the bell jar. Since the neight adjustment is extremely critical

personnel have been reluctant to remove thte "0" ring. It haE;

been cleaned several times by opening the g ite . and

swabbing the seal with a Q-tip saturated with alcohoi This has

decreased the leak but not eliminated it. When the load lotc-k

inder partial vacuum (i.e., PzlO Torr) the leak is reducec due

to the differential puis.ir'. The leak is now leaking at a much

reduced rate from 10,i .' Torr into 10 " Torr instear c-f 10-' Torr

into 10 " Torr. We gair at least one order of magnitude i- the

vacuum achieved. It is possible the "0" ring was damaged when

the height adjustment was made as the scissors fork might hve

scraped the "0" ring.

The following is a discussion on a comparison of iridium

silicide and platinum silicide photodiodes.

METALLIC STRUCTURE OF SILICIDE

The formation of the different silirides of pla.num is well

understood for thick layers of platinum. Experimtents with oif-

fusion couples as well as with market atoms have shown that the

silicides of Pt form mainly b,/ diffusion of metal into the sili-

con substrates. In this oidel , when a near noble metal such as

Pt is deposited or, a (-lean siliczon surface in thick layers of

over I o'-A and theni r aised ti :-ri elevated temperature to fo m a

Wllicid£, the following sequence occurs. The platinum diffuses

1t o the si ir on and forms the p Iat i num r i (h Pt, ;S) compou-,o uit i 1

all of the platinum i - consumed and silicon recaches the back

surface of the metal. Dur rgQ this reaction, there is a multi-

layer structure whih cC)nsst',; of the silicon stibstrate in
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co.tact with the forming Pt ti, tah z , + I. ,ith

un-eacted Pt metal. During the 1E:. t I, ot to ,at i c, , tthe

Pt; Si at t-h ientcrface begins to r M Pti tt he Pt ¢Ii fis I

i n from the Pt r :ch Pt. ,5 . h iT ea i* > It Ir .z t I i a I

thre I Pt .Si I - cCr). er e, 2 i to -t.1 I, II-.. tj --

_table. The impCrtance of thIs typF Of ,- , I lC' i. th t (I'll t

'or mat ion c- the metal I ic laver r _ i t, i-9 LvJt iCti ria.

I i IaI lv have been at the i nter tat c-, s . c, c ,o rAted :Ino t t-

t4i l %yer . Thin sneeping of hu, r-.t :,n, f. ' ,r e ,ti

-idy c ount fo- he h io , i prOduih Ioi d L n . "I: ncl

,er-fo t- mance o f licide Sctott v hu it- c cimot -et c -c, 3

La-qe area staring arrays of diCe , a vC tv f I- i C eated

se,,eal labo-atcries Usin) this t E hr ,ie, C. - iodn}s,

characterized by, I/f noise wthich in bLo . II oI H v- ( c. t o f the

ar ray. Occasicn al ly atn array i s toI-,cl vh 1 "h y l a, e 1 O 5

noisy detector-s. 1he arrays have -9,,, ri5 tn -, ! ,

Fe 3 . i-ivity uniformity of 9c9.75'" rm .. W imth - simple o , ec ti n n

Igor i thm oesc, i t d by v , ono thE. a, , T a - : (ade- I o-rn

,-esponsivitv to 99.976% rms.

The siiicide formation sequence desc :od above does: not

necessarily hold for the thin layers of PtSi us :d for advance.i

staring focal planes. In fact, when layens of 5A or- tss are

used it has been shown that the phase sequence is metastable

leading to the results shown in Figure 1. In that figure, we

plot the quantum yield of the photodiode in a modified Fowler

plot. Photoemission of a Schottky diode conserves perpendicular

momentum as the carrier crosses the metal silicon interface

resulting in a quantum yield, Y, expressed as:

Y = C, *(E - 2i... )2/E

where C, is the Fowler emission coefficient which depends on

metallic parameters, T,,, is the height of the electronic barrier

between the metal and the silicon substrate, and E = hv is the

energy of an incident photon. The Fowler plot is obtained by

linearizing the yield equation so thrt both C, and T.... can be

btained.
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There are cwo distinct linear regions in the first curve c4 tln

f igure. Ihese two regions give two separate values for Cissicjl

ef Wf i enc, ( ,1 = 3. a nd C,;. = 9.9) aid bar- i er heights ".. =

0.202 and i'; - C.270I. These values are obtained by fitti-,g t --e

two curves in a piece wise linear manner using a least mear

Sq uares fit to Qi,-e the best fit to each straight line. ihis

data was taken about two weeks after the diodes were fabricated.

The same diode was mea .ureo about I year later t- obtain a m-ie

accurate vailued Io, the low barrier portion of the cu re. That

data, plutied as single slope rtraig ,!t lire. (also plotted. _n.-s

that a dramat c ch ange ha+% taken p1 ace dur ing the Vear or e

shelf at room temperature. lo see if this vwere a patholog .:ill

diode, we took data a(,ain, two years after fabricatjion, an-i fonrd

it to be nnchancjel with C7, = 1-.3 and 'J'_.. = i*7.:D! ) .

These data can be explained using results reported in i_3--

Most Fowle curves give a straight line with a single slooe.

There c~n be a cui vature at both the high e-ergy end cause .

counting losses ir the excited carrier population and near 'he

intercept on the e-iergy axis caused by hot carrier c:s i iO

with the lattice. Both of these phenomena nave been descr in-1

usin n the Moone ,-i. l'.,e i ro ,-I ext-nsxon r F  -Yicber<' ph tr ri- -_ C

theory.

Ve r thin lo,,ers of Pt on ilicon dci not ft: m ,n PtSi i; t'-

fashion outlined above for thick layers. three differeri t'

oess regions have been identified as occurring in th, s,,0ter:

a) les- than l0i. c I to 2 atomic layers; tD) bet een l'- a-,I ?Sf

or 'i to 15 i c ,; inkl c ) b-eater than 75",. ihe tl c e- nt e"'j

i.e. greater- than 7't,, stnow cirowth -naraut-,, iEtics SiT

fhose of the rn t c. c c , / thi, i- o,- 2(,)r)A samples. t L->E
,

diftract lor pit tri> ii - wel l dcf ined spots of Fti.i, i ir t i-

that the metal silic i de latt ice is well formed and stat L1. I -

ternal photoemi -o,, n measurements show that the optir al oar , E,

I G T,',. .3) ar(I L , = 7. A verv thin i ptecface la.eT 'P.

compo i tion i Pt ', ,i th ,-. cress Pt -as also ob er, ed, ! V 4 't-

tLtrength of the'- Ji ffra t ion rings was small, and et inr - .,,

methods were r,-dk'..I to ,ne the layer . In t:, e intermed , t V E i I

L (i
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c:f 73 o 15 atomic 2 a ers, t here P -is L- a f , f 31i thre v con.

D t , P te F~S I w t h P t .i o~d r t ] .. ,e a h

ovsler emission constant, a , in lO%'3 n t a C-.eJeti. i e-

thic ness as / doswn to I5A. ThiE iS a;, ,di Lt io that tt.L

,-e - IL II i c Ide I ay co ste I- 1 icc2 *t.t th

on t Inquo i f i m T

Ihe thinnest region of I to ..,Ti ol Ao ,ot f ....

cattern set OL t abOve. In fact, the e
-mi - , , rstart actua E

,ets l,rl le-, indicating thAt the s j fn . t ie , ietnl I I

czver.ng the silicon substrate compiet ,I ,. The n ,te ' it a -_Aprlv 't

to form c i , te!-s rather than cant a L r-;c.- I r es. [ t 1

that this :luster formation, which is ei --,-+tile, 1,e

crhange in the photoemission cha acte, -sti -- with time. It t,

clusters were Pt-rich, then lateral dilfu-ion fcrces couId czc-i-,

tre Ft to moae out over the unreacteJ por t ion of the f, tace ,

time to create a continuous fl Im whi( h hu emi sion chArIc Letr

tics similar to thicker films.

Pt films thicker than 3 layers Ikot ,hotjo this metastable

nehavior. They form a structure whic hC oes not change with t i

and have a single emission coefficient. This indicates that

there is complete surface coverage at just 3 lavers and this

coverage will passivate the structure so that there are rno

changes with time. For the thin, metastable structure it is

suggested that the initial phases which form are Pt:..Si with

excess Pt. These two phases lead to a photoemission character-

istic shown with the dual slope curve in Figure i. After a

suitable stabilization time, the structure converts to PtSi it .ich

has a photoemission characteristic shown in the single slope

curve. These results are in line with those reported in 19834

where three different thickness regimes are identified from met-

allurgical examination of Pt on n-type silicon substrates.

These results allow for a new explanation of the initial

growth of Pt deposited on silicon. The first one or two layers

OIposit in non-equilorium, platinum-rich clusters which amt,

-etastable. Lateral diffusion forces cakuse the ex-cess plat .,

:n these clusters to become planar with + ime and corvei t t.-

4/
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For structures having between 3 and 15 layers, the Pt-Si a-, t

are in equilibrium with PtSi at varying rations. Over 15 layers

the equilibrium PtSi structure is formed and is unconditionally

stable. Fowler plots of PtSi diodes with more than 4 monolavers

of metal do not change ith time.

IRIDIUM SILICIDE FORMATION

The structure and phase formation sequence Ior iridiuT. oLn

silicon is much more complex than for Pt. The metallurgical jc-

Si system may cont in more than 8 intermediate phases -is

described by Nicolet and Lau - . Even though the exact he

diagram is not known, there is general consensus that on1/ three

of them form in detectable quantities on silicon7 substrates

These are IrSi, IrSi., and IrSi,. There is consideracie ris-

agreement ovei the value of x in the IrSi. structure, but it is

wruwin to be between 1.5 and 1.75. Both the x-rav ann elect-or-

diffraction specti a ha,,e been identified fo, the phcise.

ThE, dif fusinq species is the main diffef ner-u betwet-;, *- arc

Ir in their formation of silicides. Ma-ke utori e'pe, Ilent- ii-,

thick Ir layers deposited on silicon show that silion,7 is the

major diffusing species. This would tend to make the final r.eta

silicon interface much different from that in Pt where a ne'

atomically clean interface is formed at some distance dn.,n i.Ttc

the silicon. For !r, any impurities which are at the intf -nice

when the metal is deposited will still exist wheT, thi, ailicIcie

sintering process is firished.

the phase growtn sequence can not proceed in a manner

similar to Pt since in metal ;-ih iridium silicon Ohacse e-sis.

The temperature of fo-iiatio,' uf the iridium silicides is higher

than i n Pt bec:ause i is the Mci, diffusing species. '-In ia-,e

ioted excellent PtSi fc,-ri3tion it tempeiatures below 3000L. Lut

IrSi requires tempecroures ir, egcess of 400-5C,('Cq. FL" tr-er-rrre,

electron diffracl cm,, patter,-, of diodes with lavers Letween l-A

rind VIA(lo% indiicte f ,it, sc-/eraI different metal lurgical phass C a

oe) ist Ini a 3tabl - I,- i 1-,te-f ace. Flhasr? Ident if i ' tinn ,C" 'nwI _

that there can be (ip to three different Crpos it ins it, tte e ,
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1laver n ame I T !-Si , I rS i ,a -d uni a c ted I r -l ti~ cre a , ye

compositions ch-nge with differEnt procec--ing, buL-t w~e have L<nt to

fi1nd a singl 1e phase i r idiiim '5 i 1 1 cci11A III eui 1ihr-ILurn Wi t h

the silicor, skubstrate.

This leads to consider-able iai iatin i,- our- i~enlPhCf;J

Esm 1ss ili~ ea surements , as we I as i - Elec r ic a a n-d 3t I t i cT

-Ilelrg :data . F igure 2 shown a F ov e rm I s ii I u t Tl r a t hIin

- i pitoi re La'r tan 1p i1a Tr (I, f I. F'6- and ca Irii

uav9e I-) atn c ut rDf f o f near Iy I In o-D T C'etissioe (IIS 3nC.

~t-an t o f I- = 7'.~b i- a f-ictoc n1f t to f-!-:- -_:-hn that of

P tS i dePv1ces and mTay/ be a fu-c t io n o f thC -Fr t ICuLIa r p II i=_- 1I o m ? d

iO- th is dilode . Fhe hiarrier lie Ih t for f h d -I ce Enis c -mr Ic nt ur

~t e.I b y p r fo)r m in g aIn a ct I v at 1c e (-e rcnv i yl-vainias c i a wr i Ii

I- iau re ~ This cuirve is ontamned by Ics i-ig the dc cut ro in

t I e dud--e a t I volIt r ever se bi1as -and vaI-, i, the d 1cde temper al-

turce. The i esu Its c:an tie ana lyzed using tnEs- Fi chat dst-n r-elat : )n

rI p n Ecuat ioiu 3 below,~ vwhi ch descr it)ns the s-aturat ion curf E-1

~a everse biasedi Schottky diode. I1' t hIn E- qu a tir is fflun

'7-icroa3'-jsrnn enlsirn coefficient, -I is the- t-emperature in deqren

Al in- the Boltcr(nan tcorstant . lthe scrpe -)f the Iline In

(4, T 2 e -p - '.. /1

rigure 3 is related to the electrical hcsiQit ol the Schott--Y

h-arriler , an~d for this device the barr ier is (1.127/eV. Hen-e. tolr

this device both optical and electrical nieasuremerits- yield thte

n,-i rne b a,-- i e r. This measurement is made in the? dark iaith cold

sh-ields skirouidinc the device to a ssu1r e tLh at thInereP s no a S

light lea~age or Infrared photons affecti g th-? curi-ent es<

,,ie nt.,

in order to shovj the -ariabiIlitv mwhirchr ocm;a ini t Iie I i

ra Ilurgicil sy:stem, Figure L+ i- IncIctdei. l'i i I

eniss inn rurve for a diode uh ich was pra ns( dnP) f nI- La v \

t tinl t nf F: , ure P P. I h , m f iur ( i nd Ic~. 1 4 1 t

cv> al C' P1 eSL!t , Si1mi lar t(-i thP T esu I t eneI

The harrier ho-ight is ahout 0'.025E-.' ftinPj-, I-i r F Iw

ard then cerrissiun constant is ahouit half (-I ti-at, fol t h p

-. . i. -' -- 1' Ft r mu, If ta u1, ,'- ~ it -cM tO I h 7 (

0
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cuts off at 8 microns and has only half the responsivity.

PtSi Schottky barrier photodiodes are vary well behaved

infrared detectors. They can be formed over a si ntering ranqe

from 2001C to over 4001C. and give uniform devices. As lorng as

the thickness of the diode is more than 3 or 4 atomic layers, the

structure is stable. There is no indication of a change in these

devices with time, even though the metal layers are not pas-si-

vated in any way.

Ir i offers the potential of making SchottV i;-,fra ed tec-

tors with response out to be.ond i0 microns, or vel I i nto)

I o ng wave rfrared Some rjf our measurements wh Ch a 1 no2

report ed here have i ndicated response beyond IR micr o ns. -c, --

ever, this must still be i econfirmed. The majo, ooblem i,.,th tt-

IrSi metallurgical sxstem is its tendeTcy to form several difte-

ent metallic phases i17 equilibrium with silicon. Each, meta!u1r-

gical phase tends to have its own electrical and optical barrier

height, and ith ,evcral phases present at any one time. it is

not clear whiih nrri ,*ill domiriate the photoresponse. Seord).I

the major diffusi( _-.pecr:ies in IrSi devices during the ful r-, t
i_

is siliconl. This 1Enads to metal silicon iTterfaces which a,, r -

as atomically rle, 1 s they are in PtSi where the diffusio, of Ft

into silicon caus(- frest metal semiconductor surface to be

formed after device smnterirng. These interfacial inclisio-,- -ca

have an effect on th, emission of hot carrier-; by acti,._

erergy loss slatte-eis.
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FOWLER PHOTOEMISSION FOR THIN PtSi LAYER

WAVELENGTH (Aim)

12.4 4.1 2.5 1.8 1.4 1.1
4.0

." i = .202 C1 I - 3.2

tP12 =.270 C1 2 = 9.9

C,
2.0

,P' C 1 2

ci, '4'I.224 C 1 17.3

0 I
.1 .3 .5 .7 .9 .11

E(eV)

Figure 1

Modified Fowler plot for thin PtSi diode showing
metastable conversion of Schottky photoemission
with time.

FOWLER PHOTOEMISSION OF IrSi SCHOTTKY DIODE

WAVELENGTH (um)

2.4 6.2 3.0 2.1 1.6 1.22.0 1 I I 1 i I I i i

1.0

4m,=,125 
A 9.9M

0. .2 C, = 5.5%p.r eV

01 1 1v, 1 1 l I

0 .2 .4 .6 .8 1.0

E(eV)

Figure 2
Mxified Fowlor photoemission plot showing spectral
responsivity in the long wave band.

52



f' parke¢ moth*Maticol loboratorie$, inc.

l0M| assach.. .... hsefts'01741

THERMAL EMISSION OF IrSi SCHOTTKY DIODE

TEMPERATURE (0 K)

200 100 67 50-5 I f

-6

-7

I-
'.- -8

0

-10
W=ms .127

BIAS 1V REV

-12 r I i I I I I i i

0 5 10 15 20

1000/T (1/K)

Figure 3

Richardson plot of same IrSi diode as in Figure 2
at 1 volt reverse bias. Measured barrier height is
the same using both thermal emission and photoemission.

IrSi PHOTOEMISSION CHARACTERISTIC

WAVELENGTH (Aim)

12.4 8.2 3.1 2.1 1.6 1.2
2.0 1

UI =-.152 C 11 = 2.3%per SV

2 =-.201 C1 2 = 3.9% per *V

1.0 C1 2

12

0 I
0 .2 .4 .a .8 1.0

E(eV)

Figure 4

Modified Fowler spectral emission for an
IrSi diode showing at least 2 stable phases.

53



FmI parke mothematical laboratories, nc.
carlisle. massachusetts - 01741

H. Johr Laulfield

ABSTRACT

The traditional two-hidden-layer neural network is often

supposed to offer the brst possible classification among input

classes. Connecting two 'such neural iietworks through an

intermediate multiplicative layer can yield full or partial

disambiguation of results from a single "traditional" neuia

network.

S 4
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1. INTRODUCTION

Very simple neural networks based on Perceptron-like mechanisms have

proved extremely powerful in pattern classification. The key element is a

"neuron" such as shown In Fig. 1.

SIGNALS

wi2 x °_ PROPORTIONAL
TO oI TO OTHER
NEURONS

win Xn

Fig. 1. A Symbolic Representation of a Neuron

The Ith output is

°1 = f(si)

where f 1%') is a nonlinear function and

s i = wij xj,

where xT = (x,, x, ... , Xn) is the input vector. We can also write

-T . (sp, si'.... sm) and W - fw1j). Then

S-X.

These operations are readily interpretable in terms of dividing the deci-

sion hyperacape Into polygonal regions. The first layer erects planes in

the x hyperspace which make decisions (class A on one side; all other

classes on the other side). The second layer ANDs such planes to form

hyperspace polygons (A inside, not A outside). Since this is the best we
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can do In partitioning space. It Is widely believed that two hidden layers

Is the most we ever need.

We show below that additional hidden layers can Improve performance

and. therefore, the "folk theorem" Just stated is highly misleading

although technically still correct, If we limit the definition of neural

networks sufficiently.

II. DIDACTIC DFVTCE

We will illustrate the arguments with the simplest possible case

which illustrates this problem. The input vector will be

- (x,. x,..... xn)T

since we cannot draw x space, we draw a space y = (y,. ya)T chosen to pre-

serve A-B separation to some extent. There will be only two classes: A and

B. In y space, we suppose they are distributed as shown in Fig. 2. Classes

A and B are not fully separable in x or ;. Traditionally, what we do is

either (a) partition all of x space anyway knowing this will lead to occa-

sional errors or (b) create a third class, C, which corresponds to "A-B

AMBIGUOUS." In either case, we have done all we can and we can do it with

only two hidden layers. Or so goes the argument.

AA
A

B B B A

A B
A A B

Fig. 2 We show A and B largely separable In y (or )
space, with a small (hatched) region of ambiguity.
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I1. IMPROVING THE SYSTEM

Let us start with the three output (A. B. and C) case. The network

is shown symbolically in Fig. 3.

Xe - B

xn (A-B AMBIGUOUS)

(a)

X1 2
X22

HIDDEN

LAYERS
Xn -- C

(b)

Fig. 3. A two hidden layer neural network generating A, B, and C

from x shown In two levels of abstract symbology.

Let us now construct a new neural network with inputs c;. Here the multi-

plier c has the effect of making the inputs to this network all zero unless

the observed x is A-B AMBIGUOUS. Therefore, we only need to train this

neural network on samples from this "ambiguous region. Unlike the first

neural network, this one need not trouble to separate A and B samples which

were separated in the first neural network. Relieved of this duty, the

second neural network can often fully or largely separate events in the

"ambiguous" region (1.2). Let us call the first and second two-hidden-

layer neural networks NN1 and NN2. We symbolize them as shown in Fig. 4.
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X A cx1 A

NN1 
. NN2

xn CXnC C

Fig. 4. Symbolic representation of the two networks so far described.

Now we are in position to combine these two neural networks as shown

In Fig. 5. Only if the input Is ambiguous does C exceed zero and NN2 come

into play.

x1 A

X2 B
NN1

Xn C

X1 A

x2 _____ R

NN2

Xn-O__

Fig. 5. A combined tour-hidden-layer neural network with zero or
reduced A-B ambiguity

IV. ANALYSIS

Clearly this combined system reduces or eliminates the A-B ambiguity.

Furthermore, it is conceivable that more layers would reduce the ambiguity

even more.
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Clearly two hidden layers do not give all of the separation the data

are capable of yielding. The combined neural networks are "untraditional"

In the sense that multiplications (cxi) occur in the center layer. There

Is, however, biological support for multiplicative operations of this type.

Thus, whether or not this multilayer neural network is traditional, it

is simple and superior to the traditional neural network in resolving

ambiguities.
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I NTROD)UCT ION

During the past yeoxr there has been a decrease in the amount

of time applied to electron microscope studies of PtSi on

s-ilicon. In the period the possibility of doing convergent beam

electron diffraction with our JEMI00CX electron microscope t'Jias

explored. This technique could be of significant importance in

obtaining more detailed information on crystalline materiaic- that)

can be obtained by the technique of selected area diff-acticnl-.

tither techniquos b-jl-) LiSed for the f irst time include ion beamt

rillinq of the specimens for transmission electrocn mi(Lcsco-), ano:

direct lattice imaqing applied to suIperconducting m3te-rlal'L V'ith,

Cspacings of I1.8A or lal ger. A netw technique fnr edlut>-

multilayered s tructulres on Gaos is being used to ciotter-minie a

thickness and composition) of the layers on specimens prepared in

the laboratory.

Ptl~i ON SILICON

In tiryini to correlate electrical pi oper-tiesn of FtSi n-

silicon with otruc tures as observed b\/ transmission electrc-,

microscopy and elerct-rn di ffract ion, two spec -imens vwhich h.,r

exhibited different electrical properties were compar-ed. i' ,e cte

h-ad beer, pr-epai ed by evapoi at ing platinum wnto (11ll) li.n

silicon and anneil ing at 350 0 C to form PtSi by this ,,jlic:-m

reaCtion betwjeeni itE- deposited metal and the sil ico- :birts

The only differpticE, in the two preparations waEs in the thici ine=--

of the platinum fi Ims; one was 504A thic- and the c-ther 100t). n

annealing, PtSi fi !ms of 100A and 20C0A respectively/ wE-refme.

The results of the ionve--sticjations, mnadec on apecimenFs trinneo

chemic al ly from 0,, unc oated surfaCe Of thE? 'il 1IC(Io to the tE,,

ti lrn, shkrwerlc (if f(- n in the orie-ntation of tiw- Pt')" CTl It,

-nilicon. UsuLAl lv/ the- Pt~c f ilms show a strong pi efeLT-r ec

)rientation) with res7-pect to the silicon in thefllo'.

epi1t xa l~aI r

(00
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The three equivalent <220> directions in (I11) silicon are

responsible for triple positioning of this PtSi. Figure la shows

the above epitaxial relationship for the 200a PtSi film. Triple

positioning cannot be observed here because only a segment of the

whole pattern has been selected for comparison. The 100A-thick

PtSi film, seen in Figure ib, shows a second epitaxial

relationship:

(2) (001)PtSi//(111)Si
E310]PtSi//<220>Si

It is known from work on other samples that differences in thick-

ness of the platinum by itself cannot explain these results.

Other factors which may affect the orientation are rate of

deposition of *he platinum -rd "-riations in the annealing

temperature.

V. -oi ,

04 4 10 S;

p qB

S01

0 C

Figure 1: Selected area diffraction patterns of (a) 200&-

thick and (b) 1004-thick PtSi on silicon showing different
epitaxial relationships to silicon.
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PHASE SEPARATION IN FLUORIDE GLASSES

Phase separation cn freshly-fractured surfaces of glass can

often be detected by scanning electron microscopy with a minimum

of specimen preparation. However, when there is insufficient

contrast because uf tne very small size and/or low electron

scattering power of the precipitate phase a replica technique

must be used. The use of a preshadowed carbon replica increases

contrast and adds shadows of the precipitate particles that can

be used to measure their heights. Micrographs of the replicas

were obtained by both transmission electron microscopy and

scanning electron microscopy. The latter method was sometimes

necessary to separate the background structure of the platinum

shadowing metal from that of the separated phase. On the

scanning electron micrographs the resolution was sufficient to

show the precipitate particles but not the finer grain structure

of the platinum. Figure 2 shows a transmission electron

micrograph of a replica showing phase ep.aration.

Figure 2: Preshadowed carbon replicA of fresh fracture

surface of CLAP glass CAJ. 'mall particles of the separated
phase are seen. The shadowi ight ratio is 3:1.

62
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DErECTION OF ASBESTOS FIBERS ON MIILLIPORE FILTERS

In a continuing investigation Of COntamir)atioln Of asbestos

fibers, P. Drevinsky submitted specimens collected by air flowi un

millipore filters. The particles w-ere separated from the filters

by evaporating a thin layer of carbon onto the filter surface,

scoring the filter into 3mm squares using a scalpel, and dissolv-

ing the filter material in acetone. The carbon films containing

dust particles extracted from the f ilter surface were mounted on

i200-mesh specimen grids +or examination. Chrysatile asbestos

fibers, identified by morphology and electron diffraction, ,Jeie

found on sample N 265-4. A report of the findings w~as submitted

to Drevinsky.

TEXTURE IN ETCHED SILICON WAFERS

Using preshadowied carbon replicas, specimens of silicon

etched in a solution of ROH for 15, 30 cir 4+5 seconds w~ere com-

pared. The sample, submitted by C. Ludington, represent some ot

the work done in the Electronizs Device Technology Branch to

determine the effect of surface texture on the electrical proper-

ties of their devices. The replicas were separated by 1owierinQ

sections of th? silicon in 7:1 HNO-.,-HF. T:hange in tex"ture w-ith

duration of etch is seen in Figure 3.

i A,

Z- . A',~
V~ tz

Figure a: Tex.ture developed on a polis_ hed silicon substrate
after etching in ROH for (a) IS, (b) 30 and (c) i s t (-o nd -.-



parke matkematicol l3borotories, inc.
DM1 coaiisie, masochusetts O 01741

CONVERGENT BEAM ELECTRON DIFFRACTION

Although the present JEM-1OOCX electron microscope was not

designed for convergent beam electron diffraction (CBED) details

cn adjusting lens currents in the microscope to obtain these

diffraction images were obtained from a colleague at the Army

Materials and Mechanics Laboratory in Watertown. A series of

patterns were obtained for (111) and (100) silicon to determine

the effect of altering camera length, beam spot size and

condenser lens aperture size. Knowing the proper settings to

obtain different kinds of information will be important if the

technique is to be used in the analysis of crystalline materials.

Details of the method will not be given in this report. It will

be sufficient to show the types of patterns which can be obtained

and indicate what information they can give beyond that obtained

by selected area diffraction (SAD). In the CBED mode the

electron beam spot size is less than 4004 as compared with 0.5Hm

for the SAD mode. This makes it valuable for identifying small

particles of an impurity in a second phase. The diffraction

spots (hRl reflections) seen by SAD become discs when imaged by

CBED. Within these discs there is important information which

can be used to determine the crystal structure. Slight changes

in lattice parameters, as may be caused by strain, can also be

determined from the fine structure within the discs. The

patterns can be made to display an outer bright ring which is

formed by first order Laue reIlections. From the diameters of

these rings, interplanar spacings parallel to the electron beam

are obtained. The following Figures show how the patterns

necessary to obtain the above information can be formed with

proper adjustment of spot size, camera length (CL) and condenser

lens aperture (C;.). In all Lases the accelerating voltage is

100KV. In Figure 4 reflectiuns from the planec of the crystal

are imaged as discs.
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Figure 4: CBED pattern of (11l) silicon.
CL = 46cm, Spot 4, C, = 3000m

The bright outer ring is the first order Laue zone (FOLZ) from

which the crystal dimension parallel to the incident beam can be

determined. When the size of the condenser aperture (C:.) is

increased, as in Figure 5 and 6, the discs overlap. The zero

order reflection at the center contains lines representing higt)

order Laue zones (HOLZ). When compared with computer-simulated

patterns slight changes in lattice parameters can be determined

from the spacings of these lines. This pattern also reflects the

symmetry of the crystal from which crystal structures can be

determined. An atlas of CBED patterns for crystals of various

symmetries will be available for rapid identification of crystal

class and symmetry'
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Figu. e 5: CBED patterr of (111) silicon.
CL = 76cm, Spot 4, C; 40OHm

Figure 6: CBED pattern of (111 silicon enlarged to shovi

detail in zero order disc. Same conditions as for imaqe ii

F igure 5.
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Patterns meeting two-beam conditions are made by tilting the

specimen to obtain the zero order reflection and a single strong

reflection. In Figure 7 this reflection is the 220 of silicon.

This type of pattern obtained under CBED conditions shows fringes

whoue spacings can be used to oetefrine rnickn-st o the

spec i men.

Figure 7: Kossel-Mollenstadt pattern obtained with 220

reflections of silicon.

ION MILLING OF SPECIMENS FOR TEM

In earlier reports of platinum silicide formation on single

crystal silicon, electron diffraction shnwed the existence of a

film of platinum at the PtSi/Si interface. Other workers

suggested that this film was caused by a chemical reaction

between PtSi and the 7:1 HNO ,-HF used to thin the specimen. In

order to determine whether this is what occurred, a specimen of

silicon containing 200A PtSi was thinned using the newly-acquired

ion milling unit. Thinning occurs by the bombardment of argon

ions at about 6KV. When the thin residual film of PtSi over the

hole in the silicon was examined by electron diffraction, there

was no platinum. A diffuse ring pattern was identified as coming

from amorphous silicon formed by ion damage. This experiment,

0_/'
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alonc) w~ith some earlier evidence, did establish the fact that the

inter-Facial platinum -film w~as an artifact introduced by the

chemical method of thinnin.. The diffraction patter-n and th e

region w~here it w~as obtained is show'n in Figure 8.

(a) (b)OO

FigUre 8: (a) Electr-on diffraction pattern showirg
reflections from silicon and PtSi and a diffus e ring pattern
from amorphouIs -ilicon). (b) Micrograph show~ing the circular
region (light) w~here the pattern w~as obtained.

lEM OF SUPERCONDUCTING MAiTERIALS

An investigation of a3 specimen of orthorhombic Ba3.Y~uO NJas

started to determine w~hat information could he obtained by/ trans-

mission electron microscopy of super-c onduc t ing materials. A

powdeced specimen made by the sol-gel method was obtained from 1-.

:3uscavage. Th aeiliispae npropariul and giound wiith a

mortar and pestle. It vias then dispensed b\/ ultrasonic vibra-

t io n. L a rgce p ar t iclIes w erie a31lu(1 we d t o set tlIe o)ujt a cd a small

vuolume of the supernat Ant l iquidl was vblaced in a specimen grin-

conitaining a holey carbon f ilm. Identif',catioin vias made by

selected area d iff-ract iin. A Ia t t ice i mage of a c r ysrtalI i i t h t h E

hbe am p a r alIelI t o the a or b a --is i s =-h o jr, i n lFigju r e 9 Th~ C I

planes wi ~tn 'bparing of 11.BA are seen .
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-k I- 1

Figure 9: Lattice image of BaYCu2 D(3 showing the (001)
p I anes.

In Fiyure 10a a dark field image of another crystal is shown.

The bright bands are caused by stacking faults normal to the

135,0 00 x

(a) Figure 10: (a) Dark field image of Bu2Y'u3O7. The bright

bands are stacking faults normal to the c-direction. (b)
Diffraction patterns showing strea'ed reflections (within
circle) used to form the image.

6)
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c-direction. These faults caUsfri streaking of the reflections

along the [001] direction as shown in Figure lOb. Faults of this

type have been seen by other workers" - '. but the cause in this

particular case has not been established.

EQUAL THICKNESS FRINGiES IN LAYERED GaAs/A l.G,,.. _As

A method for obtaining equal thickness fringes at the

intersection of freshly-cleaned (110) and (110) planes in GaAs

containing alternating layers of AI ,G. ;.,As has been described by

Kakibayashi and Nagata'"- -*. We are cu, rently atempting to use

this technique to examine specimens prepared within the labora-

tories for the purpose of determining layer thickness and

composition from the change in fringe spacing.
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P. Kennedy

1. 1Ii RODUCT I0N

Communication security has been achieved in fiber optic

zommunication systems (IROC5) by ensurino t hat any undetected

intrusion will deliver so little power to a potential intiudei

that he will not be able to extract an. useful information fr-.n

it. Of course, the system users must recei /. enough powe,- to t., -

t-act all of the information that is inten-ded for them. Th U'_ ihe

n1odulation.,coding method that is emp!oyd shouId exThibit a -hap

power threshold above which satisfactory performance exists arid

below which no useful inforimation can be extracted from the sic-

nal . The existence of such a threshold reduces the sensiti,

that is required of the intrusio-i detnti ,n par t ?f the IROC

system.

lo date, digital signaling methods h3ve been u i to pru)vide

the desired threshold. This has been warranted for several

reasons. First, at the information rates that have been of

interest, the appropriate digital a.,2 _Dtical devices have been

readily availabl'. Second, digital siqnaling systems do exhibit

a sharp power threshold. Third, the performance of digital

receivers is well understood for all received power levels.

Consequently, definitive statements concerning the performance

achievable by an intruder can be made--at least when the infor-

mation to be transmitted consists of a sequence of statistically

independent symbols.

On the other hand, the use of digital vicmals limits the

feasibility of using IROC systems to transmit wide band analoq

information. For example, a data rate exceeding 10-) Mbps may be

required to digitally transmit a 5 to 10 MHz analog video ',igttal.

Not only does this exceed the capacity of existing IROC systems.

it also entails the use of very wide band and fast anialog to

digital and digital to analog converters.

Moreover, the fact that the sampled eond digitized daita

stream is highly redundant, i.e. the digital syxmbols are rnot

statistically independent, means that the arg uments corernv.,

/ I
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the inability of -i intruder to extract any useful "information"

are no longer vald. For them to be valid it would be necessary

to source encode the data stream so as to eliminate any redundant

information and statistical dependencies. This would have the

further virtue of reducing the required data rate. However, such

source encoding is r-t now a practical possibility.

Frequency modulation, or more generally angle modulation,

may be a useful alternative to digital signaling when analog

information is to be transmitted since it too exhibits a sharp

performance threshold'. Our work during the past year has been

concerned with determining the user performance and intrusion

resistance that car be achieved with such modulation.

The determination is complicated by two factors. One is

that little theoretical knowledge exists concerning the perfor-

mance of ar FM (or angle modulated) system below the threshold.

Second, since the performance is typically measured by a mean

square error, or an equivalent signal to noise ratio, the

question arise- as to how much "information" an intruder may Oe

able to extract from a signal for which the signal to noise ratio

is small.

Both of these questions will be dealt with in a fundarnental

way by upper bounding the performance that an intruder car,

achieve. In particular, the performance he could achieve if he

were allowed to partially specify the modulation format will be

determinied. To that end we have drawn upon the existing 3 -a ,ses

of angle modulation systems to determine the performance2 tcr the

system user and upon information and rate distortiun the),-,, to

determine fundamenital bounds upon the performance thtt cart be

achieved by an intruder.

In the coming months, those results will be combi -ied tz

determine: 1) the choice of the system parameters that ma-imizes

the guaranteed intrusion resistance, and 2) the resulting intru-

sion resistance. In the sections that follow, the performirce

expressions for the intended system uiser are presen ted.

We, note in passing that some of the results to be otitaimled

in the comrfs months will be itn terms of an achiL-dble mce-a

,7 .,
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square error. To some degree such results will lea.,e open th4--

question of how much "information" an intruder r-ar ex>trart frnl a

'ery ,1oisy signal. However, as mr-ntijjrtec abov.-, the !-ame jSSkie

arises when analog informaticin is tratismi-ted ever a diqital IHOC

,Fsystem by samplinq and quiant i .nq . L WO- nt t-omprceS_.iqr th-i d,.!, to

eliminate all redundant i formt ioo. I, .n''n 
-  

T,LT2 Of the ILI

sults will be expressed directly in, tE.in m jf irfcjrmatiior, Cort(..

rather tha, mean square error-.

2. i DEVELOPMENT OF SYSTEM MODEL

The communication system of irterest in snown i.- Figure .1.

In this section that system will he redced to suppress the

optical subsystem, the performance equaticr n that resu]t from 6

linearized diialysis of the renaiing angle modulation systen urged

with a ph:e 1r-cked loop receiver will hE presented, and the

threshold condition that must be satisfied for the lineai iz(-1

analysis to be valid will be introduced.

- FM . or--- ------- FIBER ---- -- J DIR DE1 .... M

XTRjR 1i y..- ( t ) yI,( t REC r(t) ECI

LXMj F I]----L H U A

XTR Optical Powers REC

< ------ OPTICAL .£UBSYSTEM------->

FIGURE 2.1: SYSTEM STPLICFURE

2.2 REDUCTION OF SYSTEM

In Figure 2.1 x(t) is the information siqnal tn be trans-

mitted. We take it to be a zero mean wide sense stationary

random process with a power spectral density S, ,,,). Fr~v cor- 'n-

ience, x(t) will be normalized so that

__ X2(t)
-, 2n
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In much o tr, subsequent analysis it also will be assumed i, at

x(t) is a baussian random process.

Referring agaiY to Figure 2.1, s(t) is a frequency mocJIated

signal produced from x(t). Since pre-emphasis will be allowed,

s(t) is given by

s t JcosC2nf,t + h(t)*u(t)*s(t} 2.2

where f,. is the subcarrier frequency of the modulated signal,

hit) is the impulsE response of the pre-emphasis filter, u(t) is

the unit step function and * denotes the operation of convolu-

t i on.

In Section 3, h(t) will be chosen either to optimize the

system's performance, i.e. to produce what is called OptimuT

Angle Modulation, or to produce conventional FM. In the l3tte

case h(t) is

h,(t) z d,5(t)

vnhere S(t) is the unit impulse function. The sionificance of U,

is described below.

Given the normalization implied by Equation 2.I, d ca a be

shown to equal one half the RMS bandwidth of the bandpass signal

s't)' Stated alteriiotively,

RMS bandwidth of F,(t) = Ld, Hz Y'.
IT

More qerrerally, ttve RMS bandwidth with prE-emphasis is Qi.'en tjv

RMS bandwidth of s(t) = 1- d(- S. ,,' 5H ) i2 -

dhe, modulated 5iu -ai s( t ), s used to amp tud 0 T,]ciul Ute

the power output .y. t , ui an LLD or LD. More r, ,.K ivel., , e

short time average ct thre LED or LD output power is Qi.on L

I + ks ( t ) P. .,.5

wh e f- E,

and P.. -, thr - ,., cj..: power that e ists when s, t I1 3 'e )

W! aI I u I , t It ( HI I '/, I, at the c w,' ,r I

di '.tu)r ted h/ tk e f 1 1,, sn I hat tte input, y t *

P I I'r 1 p r 0 t I t I t r'ec f I i
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,(t) = (1 + ks(t) P. t. i-.

where L accounr, for the attenuatI or. oc- -rsrt betjeen the ti a ,_-

-ritte, ann the receiver.

rhe receive- of the irnt-L? id d tc-,n i e, I ii c dij oct

dete :ts y, t I wi '.h a photo deter toi f q4 -u t g -i u, I _'

f i te,-s out the DC compo neint ,f th e I t I n e1 Fct' onic s1g n i

a-d sca les it to produr:e an0 u - I I h a nan ho 'pUcIS _bU to,

a , the To,-

- ( '-" I 4

In this equation

P. P,.L

vih i ch is the average received optica pow1er i the uAse-ice of

rmodulat o,- i .e. it is the pok-iec ,ht-n t r qu, Is zero.

The quantity f)(t) represento thr- i , ,led) .um (f the , ,q L

shot roise, the dark current riolOe, the P 5Ess uJie a-sociat-d

vith detector oain and the noise of nuce, e'nt electronic=_. Ihe

mean value of r (t) wi11 h; zirn, -n - i all h,_, o,,e of its com o'--- o 5

can e realistically modeled as stationa r' ehjtP noises.

Ihe ev ception is the --hot noLse g 3 e-ated by v, ( t, which, in

oeneral, ill be time varying with a correlation function

P.,( t , t = I/h V) ( 1 + ks( t) S t- t .

where hV is the energy of a photon at the optical wavelenqth of

operation. This noise can be thought of as a non-stationary

white noise. However, if k is small, as it should be to insuite

that the system remains quantum limited, the correlation function

of Equation 2.9 reduces to the correlaticii funcction of a station-

ary white noise with a bilateral power spectral density of

k2(\h

We will assume that K is small enouqg Ior the above reduc-

tion to be valid. Then l(t) is a statl ifin ,3 hlte noi W with a

(bilateral) power spectral density of

r N, denotes the power spectr a d- , ,nti ibuted h , I

/ )



I l po'k. mothematco loboratore, at

ml CO z, m lssochusetts • 01741

the noises other than the signal generated shot noise.

Equations 2.2, 2.7 and 2.10 allow us to model the syste, ,

Figure 2.1 by the reduced system shown in Figure 2.2. This model

will be used to determine the performance that can be achieved by

the system for an intended user.

s(t)=- -cos 2ufot 4 h(t)*u(t)*X(t)

.......... > . X(t
S s(t) r t(t) -

FPA it) FM1
XTR REC

X(t) =

X 2 ( t = I r t ,' = C)

PSD X(t): S,(J) PSD i(t) : N_. =f1 hi v 4 'h
2 L 2 i 2P,

P, : Optical Power Received when s(t) 0

FIGURE R.2: REDUCED MODEL FOR SYSTEM USER.
ALSO APPLIES TO INTRUDER WHEN P, 15 REFL ACED B',' /'P-

For an intruder the system model differs from FiQU-e r.
2 or} 1

that the amount cif p m- ,eceived will be smallei tha, tt

received b,. the interided tt;er, i .e. rather th 7 i it , Jll '! L t

where } i s l-cs t hai on,. T ak i ng that chanqc: into account ,

Figure 3.2 also can be used as a system model for aii i t-A.

1he FM, or mor =. qeneral ly angle modulation t + i,

b/ F igure 2.P ha, tiee " the, sub ject of innu-mer-atle .. ,est i i

W( w i I drdw he,-i/ 1 . upo(, the results of tIose investigq t ,c', = ,

determine the pet fo, i,anc e that the 1ntended u set ca , 1(- ...... ,i + t)

the syster ot F.cu r c- L• . from wtich Figuire . was je,- Ive

ever , f i I t viC r t spem E C I tr)e recei ver t h a t i to -m) i

in LIgr e '
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fhI, ewhiati t carI b-~ aprsc e anM Ine (I Ir- rr-'b(1mh\

-a .3Li f i' t5 'Ii I't - r- c i ia to C) 'A I (Tat. p'' t .I *'

h- t !e at-.itI a I t 1 ter
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A A

h(t)*u(t)*s~t where e(t) is the integral of the quantit, -4,')

which drives the VCO in Figure 2.3. More precisely, the model

will be valid if the mean squared value of the difference between

these quantities is less than a critical threshold, i.e.

[! (t,' - h(t).u(t).s(t)]2 < 0-_2 2.12

When this condition is not satisfied, th? PLL cannot maintain

lock. ihe value of (, 2 is subject to debate but a value of 0.25

is often useo.

1he left-hand member of Equation 2.12 can be expressei ii7

terms of the system parameters
" . When this is done the thr-rshold

condition that must be satisfied for Equation 2.11 to he valid

becomes

N d in 1 +- 2P, S,.(o) IH(,.' ii -< Ir .

2P, J--G 2T N1. j12

Little theoretical knowledge concerning the receiver's

rerformance iE available when this threshold conuition is !ut

satisf ied.

Equt ions 2. 1! trl P.13 will be used in Sect ion 3 to

determine the s/stem performance. Two choices of the pre-

emphasis filter. F', will be of interest there. The fi,-st is

tha' which yi, taight FM, i.e.

Ilhe j%.c.)id 1i, lht wihich ields opt imun ancie mr ,tat Io"

(CLiAM) in that it fi :, - i m ' the ucer output signal to ,, io a-atic

,ubject to a consti r3it rn the PMS bandwidth ot the (OKu1ated

igina 1I ( t . In t ,I 1 -,% ta 'ce H ;,,) is chosen to , -m i rn2 - 3t -

c, ; ] ,uhjr ,t T ,, .raIrtt n the vaLi e of t-qi, ~tc, .h. o

fI I t'ltte u ,Tr ,. .;t t he IM and iAt-' r Ienu t * th . ..

tbUr-Awidth, rc ttr'ai ' - i I I be dernoted by d, 'TT . Th u s - c. t

trai ned opt ti mt io , rc em I eomf S

I * * I ..J V I I

J, Ta



EuO ert to tn)e cann7tra lot

uf cout-se tone so j o n to tt i~.L a'. n.th ~t - n

vheri the maxiri 2 (- H w J) at Ife ~ e,_3 i ~fl9d ic- j it ion l-,1)

2qa o .13-. Wiher it doe5 not, hc ~ii.'iit ccnv5 f ali it

_iimoortarAt and Equation 32. 1~ -holj I m 1ti1 -(" otI ill.,

tn thL -eouirement that the t tr e--~i t)w to ' 0 t Lqti t

7-sat >nf ed.

tAe ticte it, oassing that nv tr Pno iIOf tflin

tro be- prt 'sp e d i n- h. i~~ t., Lit ' rCtta i

haptor and Zof cefet-_rce 4. fi' 4. vtL C- . t:.E.1t

-.tt~ u~b; Of typ(Ir-r32' iCnI C 1'-t 1- -2 t hEt Taibe C t!Fm71 di 1i nit

i n th ni n itae to -ulo~j in~rt:< b~r ef t dea

zontained t h ere wij I Inf presetitFed h-_it f c, _T mr I--t e rie F-

'3. gTLLYSIS UPF US3ER PERFOMANCE

Thie qc-neral Qerfcrmance c_!i5rr tn2Mtif illi n(ue hE--

ec lu atPd fo r s c ,me i-epr ese n t at i "/e niesnEI . (e oplec trva3 deii

t Ies . I-)i nce the - esulItE va r, app r Pci ah I vi i t h t h e hiq (h f rei-,

r-c)II-ouf f rate of the spectrum, thtree dlfflerc i-,t f tmi Iiesi of spi -

tr-a wi ith significantly different roll-oft rates have been _Ihn )v. r

I hey are descr ibed in Sec tion 3.. 1 AlI f them have beetn nrot ma t -

i zed to ha ,e uri t pow-er and hence sat isfy Equat ion 2 .1I.

I n tthGt sur oequent three-_ sec t ions i- sion i qitiI(o ;o)i e i a~i iO

,DF Lie fji'AM :ryo:tpeT vii11 1 be dete rm ined foi ea ct) i f t hee fl tweT(-

famil1ies. For tw-o of' them the pe -fortnare ti t hE st ai Iht 11

a13 I s w 1 be :Jeter rri ned .

f HE PE PRESEN 7 T I VE ME'-St]1E SfL IR

ftifn fi1r-st message spec t r urn t, tie co-, in r, i s t h-e t, wi I

ted vi ife onle de f i d a

I lii
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where here, and in the sequel

s? = 2TW-.2

This sipec-tra represents an extreme in that the frequenc:/ rcoll-ott

is abrupt.

A second power cspectral density of interest is the Gaus- ian

shaped one defined as

S. ( oI e xp -I/ 2 2 3)

( lthouqh its roll olf is not as rapid as is that of Eqoact-' 3. 1

it is still far faster than that of many spectra.

The Butterwor-th spectrum

S_1w) =2n s5in(n/2n)
( I + ( (,)/ Q) 2,1

has been c hosen t o r epresen t the IslIower r oll1-of f tna t i s som-qt-

t imes encuun t eiecl. In fact, it can be used to repre-setA a Lt oai!

variety of roll-off rates by varying the parameter n. T'.

fastest roll-off ate is obtaine_:d by letting n approach infinitv'.

Then the EHitterworth spectrum approaches the ban.dlimited spectrurn

of Equation 3.1. The slowest roll-off rate is obtained by set-

ting n equal to one which yield-, the first order Butterwcrt-

>,pectruml. In this rfr-port only the first order 9utteCVicr1th

spec trum~ W1l I te crn . dered .

3J.i 2 HND-LlMlTEID WHITE MES %(-GE SPLCTRA

Fcur str-aight FM

I nt r udki iInrj Fq a.fpia (, o . -i arclD .') i7 n to E at iorin L. I a n) 1 iat

Ing the integral,Cid tht fol lowing expiitL-_sioo f- ttflu '---3~

us,,e r o outr)u t s iq ria I L no is(, i-,tic, when the FM twsr

exr eeded.

(SNPfli I tan I 112 F,,L

for the pp,- forrnr t? tn be r i far t ot y tt1 r, i na t,-i!. V<If? O. -

(nu,,t b t, r I (qe. I t- jf n I -in V, j O b~C CmI.? a Pp U I, .'At eI

I-
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;SNR)u = 3 P, (d,. 2 .-

Eqjation 3.7 is valid only when the: system is above the Fri

threhoId. Fo," the system at hand, that t hreshold is given by

Equation 2.13, in combination t ith Fq-iatiuis 3.1 and 'i 5. l .

rtisult is

1\ WJ1d 2 P, j- d2"lw'P, ,N,.. Q , , d i

The argumE:nt that allowed Eqcu&t il, 3.5 to be appcoximated rby

Equation 3.7 implies that Equation 3.F3 iv civen apprtximatel. .

Id..W 2 + in d 2 P, 4 7 ,.7

•-,nich can also be written as

d exp 1/2 .1 9 3.21r C

- ?FP, / 7, ) L , w1-

When the system is operated at the FM threshold, so that

Equation 3.10 is satisfied viith equality, the output sionai t

noise ,atio of Equation 3.7 is -

S1NIP) u = 3 e xLP 1
I ...W I

To determine the performance improvement triat can be

achieved through pre-emphasis the const rained maximization prob-

lem described by Equation 2.15 and 2.16 must be solved for the

message spectrum of Equation 3.1. For that soectrum those

equations become

a f d, + I 3.12_

)IN,-, W (,J

and

(oS do w I 2< d r2 3.13

For the signal to noise ratios of interest here, Equation

3.12 is maximized when"'

a ! ! am | l 81
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N.,W <o,1), Q '>

H( ()
) 

2
1  = p, 3. 14

where

a:201+ 3Pf.)j( .1 >

As suggested by equation 3.15, the solution is only valid when Q

exceeds Q--a requirement that is consistent with our interest in

large signal to noise ratios.

Upon combining Equations 3.12, 3.14 and 3.15 and evaluating

the integrals one obtains the following expression for the output

signal to noise ratio of the OAM system

(SNR)u = 4 + P d) -4,d) .e_

3 N_ W Q N_ W(1 l

Of course, Equation 3.16 is only valid when the signal to

noise ratio is large enough to maintain loop loch, i.e. large

enough to satisfy the constraint condition of Equation 2.13. For

the message spectra and pre-emphasis filter being considered here

that condition becomes

~W I + ln 4 I + 3P(~ 2]] < or,

p) 3,(c, -

For large signal to noise ratios the cc dition is given approxi-

mately by

[ n 4 P min s . 2 
.1

EQztation 3. 18 det rmines the largest value -1 d, that is

useful, i.e. the Value such that the system is operating at the

threshold. When that threshold value of bandwidth is used the

signal to noise ratio of the UAM system becomes

(SNP)u z exp 'cr. 2P,\3.V

N._ W/

3.3 GAUSSIAN SHAPED MESSAGE SPECTRA

For the Gaussian shaped ,essage spectra given by Lquatxor

3.3 only the performance of the OAM system will be determinied.

The fact that this spectral dencity is strictly monotonicsllv

1/ 1111111 IIIIIIIIIIII
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decreasing for positive frequencies can be used to significantly

simplify the maximization problem defined by Equation 2.15 and

2.16. In particular, when the bandwidth constraint d, is not too

1arge:,.

{SNR)u - f'"T "i T f [ 2f )2 S '.i) 3I / - 2 I' S ,: ( CJ_. 3. P

where the value of the parameter 1,1* is determin-d from the

e 'press ion

, .0 d,) - (, (, d<<) P. d 3.2 i

As d, increases the point will be reached where the pre-

emphasis filter that maximizes Equation 2.15 subject to the hand-

i-jidth constraint of Equation 2.16 will noct satisfy the threshiold

condition given by Equation 2.13. Then the filter should be

chosen to maximize Equation 2.15 subject to the constraint that

Equation 2.13 be satisfied. The solution to that problem can be

cast in the following form when S,.(',)) iii monotonically decreasing

+or positive frequencies.
""' 1,. L;- I

(Si.R)u {_,*S-,(e,i*) + ?_ S, Iw,) d 3.e2

where &* is determined from the equation

S2 =N P d(, In J.(2___3
P, fo 2Tr [S,< (,*))

We first consider the situation governed by Equations 3.E(

and 3.21. Introducing Equation 3.3 into them and evaluating the

integrals yields

[F 4 (J*Q 2 1 / 2 (d*/Q 2]
(SNR)u 12f e - e + 2 (*. 3.P4

; ('* L, 
x

and
2 1 - 1 + expl/4( i*)2= P, (d2 3.P5

-6 -- N..W'r 0

,,here
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U(y) 1 X p-X 23.26
dy ex-'7 X

For the situations of interest here, the signal to noise

ratio is large which implies that (h?* is large. Then Equations

3.24 and 3.25 become approximately

(SNR)u = g'7()*)exp(.!!_E)2 3.27

and

(L)* ," e p / j,* )223.28

Combining these two equations yields

(SNR)u = ( , _ 2 .29
N,2 .W\Q

For large values of the bandwidth constraint, d,. the otput

signal to noise ratio is determined from Equations 3.22 ant 3.23.

When the expression of Equation 3.3 for the message spectra is

introduced into Equation 3.22 one obtains

(SNR)u = __ e (0- + 2Q(9*) 3.30

which can be approximated by

(SNR)u F t Xp ' ( , ,/f)2 3.31

Introducing Equation 3.3 into Equation 1-23 yields the cllowing

exprv-ssion which determines the value of 0*.

3 P, Q

lhese last two equations can be combined to obtaii

(SNR)ti JW' (1422
Ir + 2

where

(he value of the constraint d, for wjhich the -iy-i t -oi' c

lilll~~~~~ 4Ilill[
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ratio changes from Equation 3.29 to J .- 3 1 , determined bv

equating the two ex[-essions and :t-31; o- cl,. lhe result is

=t [3(T 2 EX p (6 Z 2)331
( Z 2 + 1 )22

3.4 FIRSI ORDER BUT FERWORTH SPECTRUM

The performance of FM, as well aimI I44. be determineed

for the first order Butterworth spec trim ihat is given by

Equation 3.4 when n is set to one.

PL,- that spectrum the siqnal to iolse dtlo of an FM s>c..Am

operation above threshold is, from Equatojns 2.11 and 2.14-'.

j P,(SNR) u J Z+ ~'Z dP 2~

The right-most approximation in this cx'.ression is 'alid for the

large signal to noise ratios that are al irko -est iii this ,,cir .

Equation 3.35 is valid when the t t, nshold condition of Equa-

tion E1.13 is satisfied. For the problem at hand that cond-tioc

can be shown to be,"

r N, -. W I~ + [1 + 24 q( d v)4I .w ~ LT 3.3

For large signal to noise ratios it is approximately givein by

,,TrN Y /" Z or,.2 3. 3*7

When the system is operating ot the FM threshold, so that

Equation 3.37 is satisfied with equality, the sigral to noise

ratio approximation of Equation 3.35 becomes
(SNR)u z a P, :_.

TT NW

The performance of the OAM system for the first order

Butterworth message spectrum can be determined from Equations

3.20 through 3.23 which are valid when the message spectrum is

monotone for positive frequencies.

When the bandwidth constraint of Equation 3.21, in fact,

constraints the system performance the siqnal tu i-oise ratio ,.

jien by Equation 3.20. For the first order Bit te'.-u, t ) fl's,1r

L~ctrum those equations can be reduced to
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(SNR) u =i TT/~* + Tr - tan 3.3
2 ~ 1+( t.,*/Q )2 2

and

2 + (2* - (a* I+ 2 3.40
0 N, W \0

If the signal to noise ratio is to be large, (-"*/ must be large

and Equations 3.39 and 3.40 can be approximated by

(SNR)u = TT (d)* 3.41

4 Q

and

2(2*). P,(df )2 3.42
3 N,:. W\ (?

Combining these last two equations yields

(SNR)u z n 3 d23.43
4 _ W

Equation 3.43 gives the signal to noise ratio of the OAM system

when d, is small enough that the bandwidth constraint rather- than

the threshold constraint is dominate.

When the threshold constraint is dominate the signal tc

noise ratio is determined by Equations 3.22 and 3.23. For the

first order Butterworth message spectrum these equations can be

reduced to"

(SNR)u =u (/Q) + 7T - tan 3 .4*4

2 IQ)2+ 1 2 Q2

and

- tan 0 * , 3.
0 02 2N_ W

As before, if the signal to noise ratio is to be lai-ge o*,'

must be large. Then

(SNR)u Z r .* 3V
4 (

and

0 2 N., W

Combining these two epressioiis yields
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(SNR)u z T_ (- 2 p, 3. 4
8 N-.W

A comparison of Equations 3.43 and 3.40 sholJs that they viill

be equal when

J-1- N-w

For values of d,10 less than this value the sign31 Uo rtoise rF fic

is given by Equation 3.43 and the OAM system is operating abo',,,

threshold. For larger values the svs :, n, in opei-ating at thre r-

old and the signal to noise ratio is Qi-,e7 by Eqtiation 3.49.
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J. Kierstead

A. IRTRODUMON

The Air Force has a high interest in nonlinear optical materials and

devices. Research at the Solid State Services Division is centered around

the development of efficient, high speed nonlinear optical materials that

operate at relatively low laser intensities. Both photorefractive and

resonant nonlinear optical interactions are being studied. Resonant

interactions are the most pcomising, but have been difficult to study in

detail because of broadening mechanisms that are present in most materials;

for example, crystal fields in solids, and collisions in vapors. To

eliminate these complications the nonlinear optical properties of an atomic

beam will be studied. This will enable a systematic investigation, both

experimental and theoretical, of the physics of resonant nonlinear optical

interactions. Such studies are ultimately expected to result in the

development of greatly improved low power nonlinear optical materials and

devices, which will have applications in optical computing and optical

signal processing.

Consulting efforts during this reporting period were directed toward

the design and fabrication of the atomic beams to be used in the nonlinear

opdical studies. These atomic beams must be compact enough to easily fit

on an optical table, yet have good optical quality window, a long lifetime,

and s,-fficient throughput to achievc over 50% absorption of a resonant

laser beam.
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B. EXPFYUJ4TAL PROCEDU(RE

The basic atomic beam design is shown in Fig. 1. The interaction

region consists of a section of steel waveguide with knife-edge vacuum

flanges welded to both ends. Holes are drilled at various locations in the

waveguide, as shown, to admit laser light and to facilitate fluorescence

detection. To maintin a high vacuum, these holes are covered with windows

of good optical quality, having anti-reflection coatings.

A key design consideration is the technique for mounting these windows

in a stress free manner so that no birefringence will be introduced.

Commercial vacuum windows have an unacceptable amount of stress induced

birefringence. The technique chosen here is to mount the windows in a 0-

ring sandwich as shown in Fig. 2. This geometry ensures that no sheer

forces are present. To simplify fabrication, O-ring grooves are not used.

Rather, the waveguide surface is polished to remove visible scratches as

shown in Fig. 3 and a thin aluminum bushing is inserted into the hole in

the waveguide, Fig. 4(a), to provide support for the vacuum side O-ring.

The O-rings sandwich is compressed using pressure plates bolted to an

aluminum superstructure, which in turn is clamped onto the waveguide, as

shown in Fig. 4(b). The O-ring pressure plates are of two types as

illustrated by the dr'.-ings for Fig. 5. Type A has a tapered hole which

allows either wide angle laser illumination or wide angle fluorescence

collection. Type B has a threaded hole and acts as a light baffle to

reduce the amount of room light which enters the atomic beam apparatus. For

experimental flexibility, each interaction region port is equipped with

6 j
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LI I_

Fig. 2. (Top) Schematic drawing of 0-ring Sandwich.

(Bottom) Photo of 0-ring sandwich.
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both types of pressure plates. In preliminary experiments the laser beam

was steered through the threaded plates and the fluorescence was collected

using a sensitive detector mounted to one of the tapered plates. Finally,

to reduce scattered light, all aluminum surfaces are black anodized.

To maintain a low background gas pressure during operation of the

atomic beam, each interaction port is supplied with a separate graphite

getter, as shown in Fig. 6. Without this getter the background gas

generated by the atomic beam would lead to collisions and limit the

usefulness of the apparatus for fundamental studies. As shown in the

figure, the graphite getter has holes bored along al I three axes. The size

of the hole along the atomic beam axis determines its collimation, via

geometry. The other holes are matched to the size of the holes in the

waveguide.

The atomic beam source consists of a porous metal rod inserted in a

stainless tube, shown in Fig. 1; which in turn is welded to a knife-edge

vacuum flange. The porous metal rod is bored with a 2 mm dia. hole and

serves as a recirculating heat pipe oven. In operation, the front section

of the porous metal (nearest the interaction region) is kept just above the

melting point of the atomic beam material, while the rear section is heated

to a high temperature. Material not travelling along the axis of the

porous metal sticks to the cold section and is returned to the hot end by

capillary action. This recirculating oven design permits both a high

throughput with a low source consumption. So far, two materials have been

used : soditxm and cesium. These materials were chosen because of their
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Fig. 6. Photo showing graphite getter
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large resonant optical abso-ption and relative ease of handling.

C. ASSEMBLY PROCEDURE

Several of the components of the atomic beamr must be pre-baked under

vacuum to remove contaminants. In particular, the porous metal must be

baked at a temperature of 700 °C in the case of the porous bronze or

1100 °C for porous stainless. Porous bronze is the preferred material for

use with Cs because its lower pre-bake temperature and better malleability

simplifies oven assembly. Porous stainless, however, must be used for Na

becuase of its ability to withstand the higher operating temperatures

required. In addition to the porous metal, the anodized O-ring bushings

are pre-baked to 400 °C and the graphite is pre-baked by the manufacturer

to about 600 °C.

The interaction region and oven sections are first assembled separately

and are then bolted together using the knife-edge vacuum flanges, where a

double sided flange is also sandwiched in between, as shown in Fig. 1.

This double sided flange has two pumping ports: one consisting of an ion

pump and the other of either a valve or copper pinch tube, which can be

connected to a larger capacity vacuum system during bake out. To complete

the assembly, an ampoule section is bolted to the rear of the porous metal

oven. This section contains a commercially available Na or Cs ampoule.

The complete atomic beam assembly is given a final baked out at 300 °C

to remove surface moisture. After cooling to room temperature the ampoule

is then broken its contents are driven over to the porous metal by heating.
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D. RESULIS

A cesium beam and a sodium beam have been fabricated so far. The

sodiun beam has 5 ports in the interaction region with a total interaction

length of 1 meter. An ultimate pressure of 2 X 10-6 was achieved, which

translates into a mean free path of greater than 10 meters. Measurements

made so far with a dye laser verify the absence of collisions out to about

30 cm from the oven. This Na beam can be operated at a maximum temperature

of 450 degrees. At higher temperatures, a contaminant in the porous

stainless steel causes an increase in background gas pressure. This

contaminant could have been removed by baking at 1100 °C, but was not

discovered until after this oven was assembled.

The cesium beam is more compact, having a total length of 20 cm and an

ultimate pressure of 5 X 10 - 7 . Measurements made with a semiconductor

laser verify the absence of collisions over the full 20 cm length.

Detailed throughput vs. temperature measurements have not yet been made

because of problems with the semiconductor lasers used to excite this

atomic beam.

At present, the residual background pressure results from permeability

and outgassing of the (Viton) O-rings. Current plans are to test Viton 0-

rings of square cross section and to test silver plated stainless 0-rings.

Kalrez O-rings have also been tried but were found to leak after bake out.
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E. XONCLWSIONS

Preliminary tests have been successful. The atomic beam is compact,

has good optical quality windows and a large mean free path during

operation. Throughput is not achieved it may be necessary to employ a

supersonic oven design. Once sufficient throughput has been achieved to

demonstrate greater than 50% absorption, nonlinear optical studies can

begin.
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I. INTRODUCr1ON

In recent years there has been a renewcd interest in optical signal processing

devices and optical computing. In this report the requirements of nonlinear

optical materials are discussed and fundamental limits are derived. Of

particular interest are a new class of materials based on nonlinear optical

effects in polymers. These materials show large optical nonlinearity, have a

very fast response time, and have the p .ential for low cost mass produced

integrated optical devices. Finally, in this report the application of nonlinear

four wave mixing in nonlinear polymeis to optical logic and switching is

investigated.

I. ELECTRONIC PROCESSING

Until recently the development rf computers has been dominated by serial

processing. With this method arithmetic and logic functions are performed in

a central processing unit (CPU) and programs are stored in a separate memory

(random-access memory; RAM). These machines thus evaluate a problem

sequentially. A difficulty with such a design is that the communication

channel between the CPU and RAM limits the computer speed. This is ofte-n

called the Von Neumann bottleneck. To eliminate the bottleneck, researchers

are now developing parallel processing, so that several operations are carried

out simultaneously rather than sequentially. Current supercomputers all

incorporate some degree of parallelism -- typically fewer than 100 parallel

channels although Thinking Machines has demonstrated 64,000 channels.

Current supercomputers offer bit rates of -1010 bits per second and future

machines with up to 1012 bits per second .cern feasible. The next generation

of machines will require considerable rethinking of conventional computer

architectures, and there is an increasing trend to optimize machines for

specific application rather than for general-purpose computing.

Electonic solutions to increased speed face fundamental limitations. This

transfer time limit in a computer system can have serious consequences as

clock cycle times and pulse widths shrink. The signals from different parts of

the system can arrive at a gate at different times (clock slew). In most
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computer systems the usual appro-ch is to wait for inputs to settle before

using the output of a gate. The settling time is normally RC time constant

doininated, yet VLSI technology does not solve this problem. As the length of

a wire shrinks by a factor af X and the cross section is reduced by X 2, the

capacitance of the wire d,..,eases by a factor of X, but the resistance

increases by a factor of X. The RC time constant remains constant and the

input charging time remains the same, independett of scaling.

In future generations of machines, optical processing will likely play a role.

The potential of optics for information processing and memory has been

realized for many years. 1  For example, a diffraction-limited optical image can

contain -108 bits of information per square centimeter. Large amounts of

information can be processed simultaneously in relatively small volumes, free of

interference from other electromagnetic waves. In addition, wireless

interconnection with non-interfering beams greatly facilitates the design of

interconnections between submodules. Certain functions car, be performed with

simple linear optics, for instance, performing a Fourier transform with a lens.

However, for any more general processing function with switches and digital

design one requires an optical nonlinearity.

III. N ONLNEAR INTERACTIONS OF LIGHT

In all-optical processing one light beam or pulse is used to control a second

signal beam or pulse. Since, photons do uot directly interact with each other,

an optical medium is required in wh:,;h an optical property, such as the

refractive index n or absorption coefficient a, is changed by the )ropagatior'

of a light beam in the medium. A nonlinear refractive index n-) can be

defined by

n = n + n2I (1)

and a nonlinar absorption coefficient a2 by

a - 1  + a2l (2)
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Here n1  is the linear index of refraction, ac the linear absorption coefficient

and I the beam irradiance. In such a medium, the presence of one light beam

affects the propagation of a second light beam. For example the optical

absorption changes by an amount A - =al in the presence of light of intensity

I, and the intensity of the transmitted beam varies. Also, for a change of

refractive index An = n 21, the phase of the transmitted signal varies. A phase

change can be converted to an intensity change by using polarizers, by

holographic techniques, or by placing the medium within a Fabry-Perot or

Mach Zehnder interferometer. Most of the research to date has made primary

use of the nonlinear index n2 rather than a 2. However, recent work with the

nonlinear absorption in quantum well semiconductor structures has

demonstrated optical switching.

One should emphasize that the nonlinear index or absorption alone is not the

most useful characteristic of a material for optical processing. A useful basis

for comparison of different materials is the optical energy required to process

a bit of information. This quantity depends not only on n 2 but also on the

wavelength of light in the medium and the response time of the medium, that

is, the rate at which the index changes in response to the incoming radiation.

TV. o0-CAL. SWITCHING

Considerable prejudice has developed against the use of optics for computing

because of the following problems and alternate available technology.

1) The rapid growth of electronic digital integrated circuit technology.

2) The minimum size of an optical switching element is (/n) 3 , where X is

the wavelength of light

3) The photon energy hv is much larger than the thermal energy kT.

4) Optical nonlinearitic. are typically small

5) Proposed optical switches have often been two terminal devices.
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These basic problems imply large switching volumes with accordingly long

propagation delay times between switching elements, rnd high heat dissipation.

Detailed evaluations of these limitations have been made by researchers at

IBM. 1  Additional limitations on switching are also discussed in Section VII of

this report.

These basic problems have not, of course, changed. However, there have been

several developments of importance which have stimulated a new look at the

role of optics in information processing.

1) New materials such as nonlinear polymers and new nonlinear mechanisms

have been discovered which have larger optical nonlineatities.

2) Mode-locked lasers are now readily available which deliver optical pulses

of a few femtoseconds duration. These short, intense pulses should

permit subpicosecond switching operations.

3) Fiber optics and integrated optics are available which permit the

transmission and switching of very high bdndwidth (>>1010 Hz)

information channels.

4) The limitations of serial electronic processing have been realized.

Consequently, a near-term goal of optical processing is to use the capabilities

of optics that are not readily achieved with electronics. This is particularly

pertinent for both image processing and fiber-optic commuaicati' as, where the

information is already being carried on optical beams. To achieve this goal,

the development of appropriate materials is essential. The important material

parameters for all applications are:

1) Cost and ease of crystal growth.

2) The magnitude of the nonlincarity and the energy required to change a or

n by the required amount
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3) The material response time -- that is, the speed ,ith which n or a can

be changed.

4) The optical quality of the material and its resistance to optical damage.

V. MATERIAL RESPONSE TIME

For serial processing, the main potential advatage of optics is ultrahigh speed.

Since ferntosecond optical pulses are available, it is desirable to have materials

which respond on a subpicosecond time scale. '1he pear intenity of such at,

optical pulse can be very high even though the pulse energy is low. To avoid

excessive transit time delays, such processing can be done in a pipeline mode,

that is, with several optical pulses propagating in a transmission line

simultaneously. A serial processor capable of processing I0 12 bits per second

would appear to be a reasonable goal, in view of the potential of competing

electronic technology. The only nonlinear mechanism that is known to respond

on a picosecond or shorter time scale is the nonresonant electronic Kerr

effect. This effect arises in transparent materials because of the nonlinear

polarizability of a material due to the instantaneous action of the electric field

of the light on its valence electrons. Nonresonant electronic Kerr

nonlinearities are very usually weak, and high optical intensities are required

to produce a significant index change. In addition to electronic effects,

nonresonant Kerr effects can also be observed in transparent liquids containing

anisotropic molecules that are partially aligned in the optical field, however

the response time of the medium is increased typically to 10- 10 to 10- 12

second because of the time required to reorient the molecules. It is feasible

that materials having resonant nonlinear optical effects which involve optical

absorption may be developed with picosecond response times and much larger

nonlinearities, but these have not yet been demonstrated. Resonant

nonlinearities are discussed in the next section.

The response time requirement of materials can be greatly relaxed if one turns

to parallel processing. For the same throughput of a processor, the required

material response time is increased by the number of parallel channels, that is,
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Maximum bit rate = (number of parallel channels ) x (material response time)

For diffraction -limited optics with -108 bit/cm2 a simple argument suggests

that a material response time of -10 - 4 second would be adequate for a rate of

1012 bits per second with a 1-cm 2 nonlinear element. Long response times

may even perform some memory functions. A much broader range of materials

are available for optical processing on longer time scales. All of these effects

involve absorption of the incident light:

1) The resonant Kerr effect with 10-12 < r < 10- 3 second,

2) The photorefractive effect with 10-10 < r < 10+ 8 seconds, and

3) Electroabsorption with 10-10 < r < 10- 4 second,

where r is the material response time. These ranges are estimates based on

currently available information. In the following sections, these various

mechanisms for nonlinear index and absorption changes are discussed in more

detail. The use of resonant effects may, however, produce undesired

complications such as temperature or wavelength sensitivity.

V1. MAGNITUDE OF NONLINEARITY

A. Introduction

Since the change of refractive index An or absorption A, is propor,ional to the

intensity of the input beam, the smaller the area corresponding to a single bit,

the less optical energy is required for a switching operation. But there is a

penalty for decreasing the focal spot size. This penalty is due to diffraction

as shown in Figure 1. The confocal parameter (the effective interaction length

L of the beam in the material) decreases in proportion to the area of the focal

spot, that is,

L = D 2 (3)

2X
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where D is the diameter of the beam waist at the focus and X is the

wavelength of light. For a I /zm 2 spot size and n = 1, the interaction length

is only 3 Am. This distance is too short to achieve a significant phase change

6 (=irAnLA) for most situations.

D

2N

Figure 1. Cross Section of A Focused Optical Beam Showing the Effect of

Diffractin
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For - ir the required index change is An - 0.3! Therefore, either the focal

spot must be increased with correspondingly increased energy requirements, or

a guided wave structure (for serial processors) or holographic techniques (for

parallel processors) which overcome the effects of diffraction must be used.

With the latter techniques, phase changes of ir are achievable with -1-rm2 bit

cross sections and long interaction lengths.

As mentioned above, a useful parameter for comparing the magnitude of the

nonlinearity of materials is the energy required to switch or process a bit of

information. For changes of refractive index, the transmission (neglecting

reflection losses) of a material between crossed polarizers is

T e -Asin2  (4)

or the diffraction efficiency of a thick phase hologram is

11 = e -adsin 2 A/2 (5)

where a is the optical absorption coefficient and d is the optical path length

in the material. Thus, a phase change of 0 = ir gives maximum contrast for

the processing operation, that is, the change of diffracted power between the

control beam on and off (0 = ir/2 for maximum transmission in Equation 4).

Values of 0 << ir can be tolerated in many situations, the minimum value being

determined by the tolerable signal-to-noise level, which is directly related to

the bit error rate.

For the mechanisms involving nonlinear refraction, it is possible to make some

general estimates of the minimum energy required for a phase change of -r for

each class of nonlinearity.

The switching relation is

2f- n2  1 2
(6)

Therefore
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2 n2 2 (7)

X = wavelength

n 2  = nonlinear index

I = optical power/area

2 = thickness of device.

The energy is

e I X2 teff

Ceff = effective time (8)

B. Nonresonant Kerr Effect and Nonlinear Polymers

The electronic Kerr effect is the fastest of all mechanisms for optical

processing. Because of the high speed, it responds to the instantaneous

intensity of an optical pulse. It is now well established, both theoretically and

experimentally, that the nonlinear index n 2 is proportional to the density of

bonds in the material and the orientation of the bonds with respect to the

optical field, and depends critically on the degree of delocalization of electrons

in the bond. Materials with the highest known values of n2 are highly

conjugated long-chain molecules such as polymerized diacetylenes whose

monomers have alternating single and triple bonds: R-C=C-CaC-R, where R is

an organic functional group.2  These solids have semiconductor character in

the direction of the polymer chains and insulator character perpendicular to it.

The components of the nonlinear polarizability of the polymer are some three

orders of magnitude larger than those of the monomers. A limit to the degree

of delocalization of the electrons is dictated by the required optical

transparency of the material. The electronic absorption edge Eg shifts to

longer wavelengths with increasing delocalization, that is, n2 oc Eg - 6  The

nonlinear polymer polydiacetylene PTS (bis(p-toluene sulfonate)] probably

represents the limiting case for operation at infrared wavelengths near 1.0gm. 3

Another polymer with large optical nonlinearity is trans-polyacetylene. Table 1

shows the nonlinear index of this solid is large compared with that of
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inorganic solids such as SiO 2 and LiNbO 3. Nitroanilines, which more readily

grow in single crystal form, may be useful for some applications Also listed in

Table I are examples of semiconducting materials which have larger nonlinear

refractive indices at wavelengths in the infrared within the band gap of the

material. In n-type InSb the nonlinearity is a free-electron effect due to the

nonparabolicity of the conduction band. In GaAs, the effect is due to bound

electrons. It is seen in Table I that InSb has a particularly large nonlinear

index n 2 at a wavelength of 10 A.m. However, the diffraction-limited bit size

at 10 jim is some 50 times larger than at 1.3 Am, so that PTS requires less

power per bit for processing than InSb. Another factor is that detectors are

less sensitive at the longer wavelength.

These materials all show very fast nonlinearities - 10-14 sec. In contrast to

the electronic Kerr effect, the molecular rotation Kerr effect depends on the

orientation of molecules in the electric field of the light. It is unlikely that

optical switching devices will be based on the molecular rotation effect.

However, for comparison, the nonlinear index n 2 of CS 2 is listed in Table 1.

Carbon disulfide has one of the largest values of n 2 in the visible spectrum

using molecular rotation.

TABLE 1. Nonresonant Nonlinearity n2 at Specific Wavelengths

Material x n2

(Am) (x10 14 .m 2 /W)

CS 2  0.69 8

PTS 1.32 1000

2-MethyI-4-nitroaniline 1.32 170

GaAs 10 100

lnSb 10 5000

Silica 1.0 0.06

LiNbO 3  1.0 -2.5
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C. Resonant Nonlinearities

The nonresonant effects such as in typical nonlinear polymers depend on the

response of a transparent material to the electric field of the light beam. As

the frequency of light approaches an electronic resonance, some of the optical

power is absorbed by the medium, causing a redistribution of the population

among the energy levels. As a result, the dispersion associated with the

absorption line is changed, giving rise to an intensity -dependent index of

refraction. For light beams of constant intensity 1, a nonlinear index n2 can

still be defined according to Equation 1. However, the change of refractive

index persists for the duration of the electron in the excited state. Thus, for

a resonant nonlinearity the change of refractive index is integrated over the

excited state lifetime r. If the optical pulse length t1p is short compared with

r, then the change of refractive index An depends on the absorbed energy

density otI tcp/hv and not the instantaneous intensity 1.

Because of . the integrating effect of the excited state, resonant nonlinearities

become energetically more favorable than nonresonant effc,;ts for longer pulses

and lower intensities. The largest effects are achieved for very sharp

absorption lines having a high oscillator strength such as those found in alkali

vapors or at exciton absorption lines in semiconductors. Several examples are

given in Table 2.

TABLE 2. Resonant Nonlinearities

Material X n2 t

(am (cm 2/W) (sec)

CdS excilon 0.49 1.6 x 10-6 2 x 10- 9

InSb 5.3 6 x 10- 5  3 x 10- 7

GaAs (300K) 0.88 2 x 10- 5  2 x 10-8

GaAs (MQW) 0.85 4 x 10- 3  3 x 10- 8
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The closer the optical frequency is to the optical absorption, the greater is

the change of refractive index for a given incident intensity. However,

maximum crystal length is limited by the absorption length, and it is necessary

to move away from the center of the absorption line to achieve sufficiently

large phase shifts. For example, excitons provide a very high density of

oscillators since excitons can be created up to a density comparable to the

inverse cube of the exciton diameter. Generally, exciton absorption lines are

well defined only at low temperatures. However, thin GaAs-GaAlAs multilayer

heterostructures (multiple quantum wells) exhibit sharp exciton absorption lines

even at room temperature. This is due to the increased confinement and

binding energy of the exciton within the thin layer structure. When light at a

wavelength just below the exciton peak was used an extremely large nonlinear

index n 2 was observed.

For device applications there are problems with resonant effects. The

nonlinear behavior of such materials varies rapidly with optical wavelength

because of -the sharpness of the absorption peak. Thus, it is essential that

both the optical wavelength, and the temperature of the materials be precisely

controlled.

D. Photoretractive Effect

The photorefractive effect depends on the absorption of light in electro-optic

crystals, but in this case the absorption bands are typically very broad and

wavelength is non-critical. The effect is based on photoexcitation of free

carriers, which then diffuse or drift in an externally applied clectric field

away from the light beam to trapping sites. The resulting redistribution of

charge gives rise to space charge fields within the crystal in the illuminated

regions. The space charge fields give rise to refractive index changes, through

the electro-optic effect, which replicate the incident intensity. The induced

index change An persists for the duration of the space charge field, which can

vary from subnanosecond time scale in semiconductors to years in insulators.

The photorefractive effect can produce nonlinear index changes An comparable

to Kerr effects because the optically induced index change is not just a locil

(atomic scale) change in polarizability but is due to the displacement of
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electrons and holes over a distance of micrometers. This large photoinduced

dipole gives rise to an amplification of the index change. A photorefractive

material can be viewed as having a built-in optical detector that generates an

electric field.

The photorefractive effect was originally discovered 5 in LiNbO 3 and soon after

was found to be generally present in other electro-optic crystals. The largest

nonlinear index changes are observed in materials such as ferroelectric BaTiO 3

and Srl.xBaxNb2O 5 (SBN), that have extremely large electro-optic coefficients

rij, but the nature of the absorbing centers and traps in these materials is not

known. However, it has been shown 6 that the index change per absorbed

photon, which is important for optical processing, depends primarily on the

photocarrier drift or diffusion length and the ratio ni 3 rij/ej, where ej is the

dielectric constant. This ratio is comparable in Bi 1 2 SiO20 , InP, GaAs, CdTe

BaTiO 3 and SBN. The values of ni 3rij and ni3rij/ej for several photorefractive

materials are shown in Table 3.

TABLE 3. Photoretractive Materials and Properties

Useful Drift Relaxation Time
Material wavelength length td ni 3rii ni3ri-/e-

range (jm) (se S) (pmN) (pmpNA)'

InP 0.85-1.3 3 10-4 52 4.1

GaAs 0.8 -1.8 3 10- 4  43 3.3

LiNbO 3  0.4 -0.7 .10- 4  300 320 11

Bi 12 SiO 2 0  0.4 -0.7 3 105 82 1.8

Sr 0 .6Ba 0.4 Nb 2O 6 0.4 - 0.6 102 2,460 4.0

BaTiO 3  0.4 -0.9 0.1 102 11,300 4.9

KNbO 3  0.4 -0.7 0.3 10- 3  690 14

The relaxation time rd depends only on the dielectric relaxation time of the

material; in GaAs and lnP this has been varied from the millisecond region to

the microsecond region by varying the electronic conductivity. In insulators,
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the relaxation time is considerably longer. The minimum energy per bit for

processing via the photorefractive effect is approximately I pJ for a I-Pm2 bit

size. This is comparable to the resonant nonlinear index in GaAs 'nultilayer

structures.

Another property of the photorefractive effect that is unique among all

mechanisms for nonlinear index change is the spatial phase shift between the

incident intensity pattern and the induced index which depends on the

direction of displacement of the photocarriers. In a holographic two-beam

mixing experiment, as exhibited in Figure 2, this gives rise to transfer of

energy from one beam to the other. A weak image beam can, in this way, be

amplified by mixing it with an intense pump beam (carrying no information).

Amplification factors of up to 100 have been achieved. 7  The photorefractive

effect thus offers considerable versatility for processing information,

particularly since the wavelength of operation is non-critical and beams of one

wavelength can be used to control several other wavelengths. The effect has

been used both for holographic processing as shown in Figure 2, where the

transverse electro-optic effect is employed, and for real image processing as

shown in Figure 3, where the longitudinal electro-optic effect is used. In the

latter case, the minimum bit size is approximately equal to the thickness of

the material. In the holographic case, the resolution is determined by the

spatial frequency of the hologram. The minimum energy requirements for each

mechanism fo- phase change of r are summarized in Table 4.
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Table 4. Minimum Energy Per Bit For A Phase Change Of i- Estimated For

Each Of The Nonlinear Mechanisms.

Material Nonlincur Mechanism x 0,m) r (sec) Energy (pJ/bit)

PTS Nonresonant Kerr 1.3 1o- 14 0.2tp x 1012

GaAs (MQW) Resonant Kerr 0.85 2 x 10-8 1

InSb Resonant Kerr 5.3 3 x 10- 7  10

Bi 12SiO20 Photorefractive 0.6 105 (dark) I

InP Photorefractive 0.85-1.3 10-4_10-6 1

This table clearly shows the advantages of the nonlinear polymers for

picosecond pulse durations.

E. Electroabsorption

Another switching mechanism is the use of electroabsorption to produce a

nonlinear absorption change in GaAs multilayer heterostructures. 8  As with the

photorefractive effect, the effect used is hybrid; photocarriers resulting from

optical absorption change the electric field inside the material and stark shift

the exciton line. The PIN device is typically biased through a series resistor.

Photocurrent resulting from optical absorption gives a voltage drop across the

resistor, and changing the optical absorption. The results demonstrate that

switching can be achieved with only 4 fJ/Am 2 of optical energy, and an

additional 16 fJ//um 2  of electrical energy from the bias circuit.' It is likely

that a bit size of a few square micrometers is achievable. These devices will

allow for parallel arrays but are RC time constant limited in response time.

The device is also very wavelength sensitive.

VII. FUNDAMENTAL LINHITS ON OPTICAL SWITCHIN%. AND SIGNAL

PROCESSING

For switching processes, in general, one can calculate the fundamenal
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switching energies that are needed for switching and the limitations on these

energies.

A. Quantum Limits

Quantum mechanics dictates that the energy-time uncertainty relation be

observed for any switching operation. Thus,

&Es,q > ftr

where AEs,q- quantum limited switching energy

1h = Planck's constant/27r = 1.05 x 10- 14 J-s

= switching time

The switching power per bit is limited by Ps,q - AEs,q/r - t 2 . Here the

maximum switching rate is approximately lit, and we are neglecting factors of

the order of-unity that depend on the specific pulse shape.

For a switching time of 10-12s the switching energy must exceed lx10- 2 2 J.

If the switching rate is limited by 1/t, the switching power is greater than

lx10- 10 W for r = 10-12s.

B. Thermal Limits

Since any irreversible switch must operate at finite temperatures, then the

switching energy must be greater than the characteristic thermal energy. Thus

_.s, t  > kT

- 4.1 x 10 - 2 1 J (at 300 K)

where k is Boltzmann's constant. The corresponding switching power per bit

is limited by

Ps, - AES,t/t.
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At t = 10-12 s the switching power per bit must exceed 4 x 10- 9 W at a

temperature of 300 K.

Because the quantum limit is inversely proportional to the square of the pulse

duration, yet the thermal limit for the switching power is inversely

proportional to the pulse duration, at very small pulse durations the quantum

limit exceeds the thermal limit. The crossover point is at

- 2.5 x 10-14 s.

At pulse durations less than this value, the quantum effects will exceed the

thermal effects.

Therefore, at any pulse duration greater than 2.5x 10- 14  sec one can

theoretically decrease the minimum switching energy per pulse by reducing the

temperature -of the switching device until one reaches the quantum limit.

C. Shot Noise Limits

Shot noise may present a significant problem for reliable switching. The

photon shot noise ANphoton = Nphoton1/2 If we assume that we need 1000

photons for reliable switching, our lower limit on energy becomes

A -s,s 1000 h v

where h = Planck's constant

V = optical frequency

The corresponding power is Ps, = &Ess/:

at r = 10- 12 sec and hv = 1.5 eV

&EsIs M 2.4 x 10- 16 j

NSa = 2.4 x 0- 4 W.
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The shot noise limit has the same pulse duration dependence as the thermal

limit and provides a larger lower bound than the thermal limit. Even with a

smaller number of photons per pulse (i.e., <1000) the shot noise limit will

likely exceed the thermal limit. The number of photons per pulse will be

determined by the allowed error rate for the switching process.

D. Heat Transfer Limits

Yet another thermal factor for optical switching is given by heat transfer

effects and the maximum allowable temperature rise in the switching element.

This effect limits the number of switches dissipating power per unit area. For

optical switching the maximum dissipation energy per switch is limited by

A Es m  < iM

Here Im  = thermal transfer limited power/area

X = optical wavelength

= pulse duration

Im is known to be limited to approximately 1000 W/cm 2 with the use of

microchannel cooling technology and known materials for both substrates and

convective fluids.9  If optical switching is used, Im may be significantly less

than 1000 W/cm 2  because microchannel convective cooling may not be

compatible with the optical elements and this value of power/area assumes a

maximum temperature use of approximately 500C. For these reasons the use of

a value of 1000 W/cm 2 is likely an overestimate of the corresponding AEs'm

value. This is particularly true for any device that exploits a resonant

nonlinearity. One should also note that microchannel cooling technology is

likely better suited to reflection mode devices rather than transmission mode
optical switches.

The switching limit .Esm places an upper bound on the dissipated switch

energy rather than a lower bound such as ,Esq and AEs,t. However, in a

device it is possible to have a larger &E.m if the device is not operated at
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the maximum repetition rate, lI/t, or if the area per switch is greater than X2 .

VIII. FOUR WAVE MIXING AND OPTICAL COMPUTING IN NONLINEAR

POLYMERS

One potential way of utilizing the large nonresonant nonlinearity of nonlinear

polymers is with optical four wave mixing.

With four wave mixing, the signal is generated by a nonlinear optical

interaction in the nonlinear optical interaction in the ninlinear material. Here

Es _ X(3) El E2 Ep

Here E s is the output signal wave amplitude

E is the amplitude of input 1

E-2 is the amplitude of input 2

and Ep is the probe wave amplitude.

An example of a logic AND gate is schematically illustrated in Figure 4.
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Signal-Output

Nonlinear

Probe

Input 1 Input 2

Figure 4. Four Wave Mixing AND Gate

In order to generate other logic operations from four-wave mixing one also

needs a NOT operator. One way of creating this operation is to use an

interferometer. Here one can use a reference wave with amplitude Er such

that the output amplitude Eout is Eout = Ein - Er. When Er = I then Eout =

1 if Ein = 0 and Eout = 0 if Ein = I-

Other logic operato:s may be constructed by combinations of 'OT and AND

operators e.g.,

a XOR b = (a and b)and (a and b).
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Because nonlinear polymers have a very large X(3) - 10- 10 e.s.u., they are

among the best known materials for high speed four wave mixing. Multiple

quantum well materials and other materials with resonant nonlinearities have

even larger X(3), but are very sensitive to temperature and wavelength, have

slower response time, and may exhibit very strong absorption and sample

heating.

IX. ONCLUSIONS

A review of several types of materials for optical signal processings shows the

potential of nonlinear polymers for very high speed devices. With parallel

processors based on optical switching devices, bit rates of >1016 bits/sec seem

feasible 110 5 channels, 1011 Nz, r p - 10- 12 sec]. If reactive nonlinearities are

used, absorption effects are minimized. Other materials show large effective

nonlinearities due to a resonant Kerr effect, photorefractive effects or

electroabsorption effects. Devices based on these materials will not have the

fast response time of nonlinear polymers and may be very wavelength or

temperature sensitive. Temperature insensitivity is likely to be a very

important device feature for small ultrahigh-speed parallel processors. An

example of optical logic AND gate based on four wave mixing demonstrates

how nonlinear polymers can be used in low-loss switching devices.
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